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This Handbook is being released in both hardbound
and loose-leaf form. It is planned that the loose-

leaf version will be updated as new material becomes
available. Users are encouraged to send their com-
ments, criticisms, and suggestions for future revisions
to the authors. In particular, suggestions for infor-
mation which should be included to improve the use-
tuiness of the Handbook are solicited. Comments
should be directed to the authors at:

Boeing Aerospace Company
Box 3999
Seattle, Washington 98124
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FOREWORD

T handbook s a magor revision ot an cather docu-
ment, The Homan Fugmecring Desgn Gualde for Image
Interpretation }.4:41[»/;10::!4h} R A Schundler, wath later
“additions by R 3 RGTET ) FL Sadler, AL AL Garra, and
Dr. T. k. Satterley.

\\\>
The handbook s intended to gve the reader ready access

to information on those equipment design teatures that
have & major mfluence on the performance ot imagery
interpretation tasks. The data that are presented have
been extracted largely trom the technical hiterature on
vision, human engineenng. and intetpretation perform-
ance studies. Acknowledgements are due a large number
of individual mtributed to the effort. Technical
assistance wib rdyeived from the following individuals:
Dr. Harry Andrewys of the University of Southern
California; Dr. Jay Enoch of Florida State University;
David Gilblom of Sierra Scientific Corporation; George
1. LaPrade. Goodyear Aerospace Corporation; Dr.
Richard R. Llegault of the Environmental Research
Institute of Michigan: Dr. Herschel Leibowitz of The
Pennsylvania  State University; Dr. John Merritt of
Human Factors Research, Incorporated: and Claude
Patterson of the Aerospace Corporation.

In addition. significant contributions were made by the
following persons un the staff of the Boeing Aerospace
Company: Cal Abel, Charles D. Anderson, Dr. Robert
Boyle, Dr. S. James Briggs, Dona Eckelberger, Dr.

iii

Charles Elworth, Patneh M. Fagan, Bruce Kenyon, Dr.
Conrad 1. Kusft, Jon  Leachtenauer,
Schindler. Eric Schoenbeck and John Schroeder.

In addition to providing technical consultation dunng
the deselopment of the handbouk, Dr. Elworth prepared
the glossary and the index.

The compilation of the large volume of reference
material necessary for the preparation of this handbook
would not have been possble without the efficient
service provided by Dorthy Slind and the entire staft of
the Boeing Aerospace Technical Library.

The production required the eftorts of many individuals
in the group. Among these were Charles Okerlund and
Richard Aleshire, who handled the production logistics,
Ellen Levenselier. who did the editorial work, and Amy
Nikaitani, who coordinated the graphics production and
prepared most of the figures for the handbook. The final
layout was performed by Stanley Yamashita.

To the many othets not named here who also contrib-
uted much time and effort to the preparation of this
work. we express our sincere appreciation.

Richard A,

e e an = i st e Al e

- A e W

R R

- e s

o TN

-

-

L I S e a8 i

Ok

..

Rl W g Pt

-




e i

ot £ 5L G A S o bl e gl

A Y P 08 i o WA T

it T F Ly L

T

SUMMARY AND USER GUIDE

o

This handbook contains  mtormation, analyses. and
recommendations intended 1o help in the design o1
procutement of imagery mterpretation equipment. The
material of this type that is specific to imagery displays
appears in three sections:

. v A — T AT e et vl

® Section 3.0 Optical Invagery Displays
@ Section 4.0 Electro-Opticul Imagery Displays
® Section $.0 Spevial Imagery Display Topics

Two other sections contain information of a more
general nature:

@ Section 6.0 - Workstation Design

® Scction 7.0 Facilities

The muterial in these sections falls into five categories:
® Recommendations- These indicate. as precisely as
: ) pussible, the best design for a display feature. They

- are printed in bold type at the front of sections where
they appeas.

® Supporting Analyses and Dats - These indicate the
basis for each recommendation and allow the designer
to decide the applicability of a recommendation to a
particular situation. In some cases, these analyses and
data can also be used to help decide if a certain
display feature is worth what it will cost.

® Scales and Nomographs--These are included to facili-
tate conversion between units used in engineering and

those used when describing the human operator of
the display.

® Tutorial Material - This is general background material
included for the benefit of a reader unfamiliar with a
: particular topic.

»
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® References These are included at the back
section to identify the source for the
conclusion cited in the text. or to identiiy 2
sources of information. The letter ratings ac¢

ing many of the references are described it
1.3.

There are several ways the reader can locate m
a particular topic within this handbook:

® Tables of Contents These appear at the frc
book and at the beginning of each major
Some contain black edge marks to aid in fi;
sections listed.

® Checklists for Specific Displays- Section
for each major equipment category, the
featutes the designer should consider and tl
or figure in which these are discussed.

® [ndex - An index is provided that permits e
to the subject matter contained in the hand!

® Cross References—Many cross references are

in the text to facilitate locating other
material.

The other two sections of the handbook co
following material:

® Section 8.0, Glossary, contains definitions of
the technical terms used in the text. )

- jtalicized the first time th2y appear in eac
and whenever they are defined within
Section 8.0 also lists the abbreviations and ¢
factors used throughout the text.

® Section 1.0, Introduction, provides a summi

imagery interpretation process for the bene
designer who is not familiar with this topl
summarizes sources of trouble in other dis
suggests some techniques for evaluating new

© e e s R ——————— e T - ——
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1.0 INTRODUCTION

1.1 PURPOSE

The goal of this handbook is to provide, in a concise
form, information, analyses, and recommendations use-
ful in the design and procurement of hnagery interpreta-
tion equipment.

When the interpreter and the equipment are made more
compatible through the successful application of the
information and principles discussed here, benefits will
oceur in the tollowing areas:

® Jmproved system performance

1.2 ASSUMPTIONS

The analyses and recommendations in this handbook are
based on two assumptions about the display user.
Because these apply so frequently. they are generally not
repeated. They are:

©® Normal visual ability - Unless the topic under discus-
sion deals specifically with the impact of abnormal or
limited vision on display design, the display user is

1.0-1

Reduced training costs

Improved utilization of personnel

Fewer accidents

Fewer crrors due to equipment misuse
Increased operator acceptance of the display

Improved understanding of cost/benefit design trades

assumed to have a normal visual system, possibly
through the use of corrective spectacles.

Shirtsleeve environment - The display will be used in a
normal office-type environment. As a result, no
allowance need be made factors such as arctic
clothing or a pressure suit. This assumption primarily
affects display dimensions.




1.0 INTRODUCTION

1.3 CONTENT

The design information, analyses, and recommendations
in this handbook are contained in five sections, 3.0
through 7.0. These five sections fall into two groups as
follows:

® Sections 3.0, 4.0, and 5.0 contain material specific to
imagery display equipment.

® Sections 6.0 and 7.0 contain more general informa-
tion that applies both to imagery display equipment
and to most other situations that involve a human
operator. Because this material has been presented so
thoroughly in other sources, only summaries appear
here. If more detail is required, the references listed
in each section should be consulted. One that appears
frequently, the Human Engineering Guide to Equip-
ment Design, edited by Van Cott and Kinkade
(available from the U.S. Government Printing Office)
will be particularly useful.

The material contained in Sections 3.0 through 7.0 falls
roughly into five categories:

? Recommendations
These indicate, with as much precision as possible,
the best design for a particular display feature. To
make them easier to locate, they are printed in bold
type at the beginning of eac> section.

® Supporting Analyses and Data

These serve three purposes. First, they provide an
indication of how much support exists for a particu-
lar recommendation. Second, they allow the reader to
decide whether a recommendation developed for alt
imagery displays is also correct for a specific device
and application. Third, they can be used to help
decide if a particular display feature or refinement is
worth what it costs.

® Scales and Nomographs

Each of these illustrates the relationships among
several variables. In most cases, one variable is a
physical unit commonly used in engineering and
another is a corresponding physical unit commonly
used when presenting information about the human
operator. As a result they can be used to reduce the
work involved in applying the design recommenda-
tions to a specific piece of equipment,

. ) A eab i A A T B AN - o o irdamnt. oy v 2grwner-raor
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® Tutorial Material
This material is included both for the benefit of a
reader unfamiliar with a particular topic, and to
provide a consistent terminology for use when dis-
cussing design recommendations. !

® References
These indicate the source for the data or conclusion
presented in the text, or they identify additional
sources of information on the topic. References are
listed at the end of cach section. The letter ratings
which follow many of the references are described in
Section 1.4,

There are several ways to determine the location of
material on a specific topic within this handbook. These
are:

® Tables of Contents

Two tables of contents appear at the front of the
handbook. The first lists the major sections and
includes black index marks at the edge of the page to
aid in' locating sections. The second lists every
numbcred section in the handbook. A table of
contents also appears at the beginning of each major
section. When the section. is long, these also include
index marks at the edge of the page.

® Equipment Feature Lists
Section 2.0 lists, for each class of imagery display

equipment, the specific features the designer should -

consider. These lists also identify the section or figure
in the handbook where design information on each
feature can be found,

® Index
The last section contains a complcte index that lists
the location of terms and concepts discussed in the
text. In addition, it lists the terms defined in the

glossary.

® Cross References
Extensive cross referencing is used within the text to
indicate location of other relevant material.

Technical terms that are defined in Section 8.0, the
glossary, are italicized the first time they appear in a
section and are also italicized when they are defined in
the text.

- . l
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1.0 INTRODUCTION

1.3 CONTENT (CONTINUED)

Standard metric units are used wherever possible, fol-
lowed by the English equivalent. Conversion values are
included in Section 8.0. When the values given are only

1.4 EVALUATION OF REFERENCES

The approach in preparing this document has been to
work from original rescarch reports whenever these were
avaitable.  Secondary and  conclusions  and
recommendations presented without supporting data in

SOUTCeS,

otker handbooks, have been used only when better
information was not available,

The research summarized in this document. though
always the best available, varies widely in quality and in
relevance to the topics discussed here. in order to
provide the reader with some indication of how much
reliance cun be placed in each set of test data presented,
one of the following ratings has been assigned whenever
possible to the study in which the data was collected:

® A lighly reliable data from a well designed and
conducted experiment utilizing an adequate number
of subjects from a population representative of the
potential display user. These values are highly
unlikely to change. .

® B- Prohably reliable data. but improvement in th’
data collection process is desirable. These values will
probably show only small changes.

® C--Fairly reliable data, but the shortcomings of the
experiment, at least for the present application, may
be seriou.  With additional testing, these values might
change, though probably not drastically.

® D- Data from a small experiment that might better be
called a pilot study or preliminary test. Also, data
that may not exactly apply to the topic under
consideration. These are included only because no
other data on this particular topic are available.

1

approsimate. both the metric and English value have
been rounded. making the conversion differ slightly
from the exact value.

® X Reliability of the data is unknown, usually
because it was obtained fram a sccondury source that
did not adequately describe the original experiment.
Most data obtained from handbooks fall into this
category.

® The absence of a letter rating means that no
evaluation was performed, cither because of limita-
tions on resources or becyuse it was not appropriate
to rate the reference.

Some of the factors that affect the reliability and
relevance of a set of experimental data to a display
application are discussed in Section 1.8. In addition. it is
very important to keep in mind the impact of task
difficulty. both in the test situation and in the work
situation. In general, a difficult tusk is much more
sensitive to variation as a result of viewing conditions
than is a simple task. As an example. a subject will be
able to read large high-contrast letters at the same
constant high rate over a much larger range of viewing
conditions than if the letters are small and have low
contrast. Similarly. a target search test in which all the
targets have been specially selected to be difficult to see
will result in a performance loss under viewing condi-
tions that would not cause a measurable change with a
test mode up of randomly selected targets. As another
example. the benefit from viewing imagery in stereo is
likely to be too small to measure when averaged across
many randomly selected targets, but given sufficient
time it is possible to find selected targets and to ask
selected questions about those targets that would be
extremely difficult to answer without stereo. As a result,
the question *“Is stereo useful?™ has a mearingful answer
only in the context of a specific application.
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1.0 INTRODUCTION

1.5 THE DISPLAY USER'S TASK

The goul in describing the imagery interpretation process
in this section is to provide the display desgner with
better insight into the problems and needs of the display
user.

Most of the material in this handbook applies to imagery
displays regardless of their purpose. This section, how-
ever, is limited to the interpretation of imagery to obtain
information of military significance. When reading this
section, it is well to keep in mind that the precedures
followed in interpreting imagery vary from one organiza-
tion to the next and that even within a single organiza-

tion there are likely to be several variaiions. As a result,

even though the statements made here are very general,
there are sure to be many excep..ons to them.

fmagery interpretation can be divided into several
general categories. However, these do not always occur,
they may be combined, and they do not nccessarily
follow the sequence in which they are described below.

® Quality check-When the imagery reaches the inter-
pretation facility, there may be a quick scan to
determine the quality. The factors of interest include
approximate ground resolution, the specific ground
areas covered, and whether these are obscured by
ground fog or clouds.

® Search- Viewing the imagery in order to find new
targets is known as “search.” The search might be for
any reportable target, or it might be limited to one
specific type of target. The search might be per-
formed in two steps, the first very rapid and directed
toward finding only very high-priority targets, and
the second slower and more thorough in order to be
certain that all targets have been found. The search
might involve either a small or a large area on the
ground or on the imagery. It might be completed in
minutes or it might require many days. The latter
case is generally more important in terms of man-
power utilization. Figure 1.5-1 summarizes one
approach to search.

® Surveillance- It is sometimes necessary to view a
known target on the imagery in order to report any
changes that have occurred. The interpreter may
dspend on a written report to learn what was on the
prior imagery, but he may also have a copy available,

i R I
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In addition, he may be familiar with the target. The
quality of the coverage of each known target may
also be cataloged for use in case of a future
requirement to retrieve imagery showing this target as
it appeared over a period of time.

L lnlerpreiatiun of a new target--When a new target is
found, it is studied in whatever detail is justified by
its importance and by the time available. Important
or difficult to interpret targets are likely to be
disciissed with supervisory-level interpieters and per-
haps with experts on the particular type of tasget
involved. This may result in several individuals using »
single display in quick succession.

® Reporting a new target-- Once a new target has been
identificd, 2 report on it must be prepared. This may
be in written form, or it may be composed on a
computer terminal and entered directly into a data
bank. In some organizations, the report goes through
several stages of editing by sunervisory personnel
prior to being released. The countent of a typical
report is described below.

® Mensuration—The dimensions of details in a target
may be measured as an aid in identification or for
inclusion in a report. This is generally done on a
comparator, and the imagery dimensions may be
converted to ground dimensions by a computer
connected to the comparator. The measuremerts may
be made by the interpreter, or by an individua who
specializes in operating the comparator.

® Detailed analysis—In some cases, the interpreter will
perform a thorough and detailed analysis of the
development or the current status of one target or a
class of targets, or on some more general topic. This
often requires the interpreter to make use of imagery
collectec over a period of time.

The basic items required in order to interpret imagery
are the imagery itself, a display on which to view it, and
a statement of specific interpretation task to be per-
formed. A number of other items are usually provided
also. These are grouped loosely under the term “col-
lateral materials.” They may exist in the form of hard
copy, for example as a piece of paper or film, or even as
a reduced size image in a microfiche storage and display
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1.0 INTRODUCTION

1.5 THE DISPLAY USER'S TASK (CONTINUED)

device. Alternatively, they muay be stored in an elec-
tronic data base for display 1o the inteipreter on
computer temminal. The hinds of muaterial involved
include the following:

® Information on any known targets involved, in text
form, perbaps on a computer printout or a cathode
ray tuhe (CRT) display. This information includes the
name andg code number of each target, its geographic
coordinates, the number of the map on which it
appears, a description of any prominent geographic
features, and a description of the target and its status
as it appeared on previous coversge. It may alyo
include the anticipated location of the known target
on the new imagery.

® Mags of appropriate scule, which may or may not be
annotated to show known tu.gets.

® Some indication of the geographic area covered by
the imagery to be viewed. generally in the forn of a
map overlay.

® If available, special background material. such as
photo keys that show the kind of target beirg sought,
or perhaps a report that a particular kind of target is
suspected of being present in the area covered by the
imagery.

® Report forms. either in hard copy or in the form of a
cathode ray tube (CRT) display if the report is'to be

fed directly into an electronic data base.

A report prepared by an interpreter on a new target will
usually contain the following information:

® The target name and code number, if these have been
assigned

® The imagery on which the target was found, generally
in terms of imagery frame, roll, and flight numbers

® The date the imagery was collected

® The imagery coordinates of the target

® The latitude and longitude of the target, usually
measured on a map

1.0-5

® If the target is important and the time and imagery
are availuble, information about the status of this
ground feature 2% it appeared in previous coverage
(where it was not reported)

® The location of the target relative to prominent
ground features, such as cities, roads, and rivers

©® A description of the important features of the target,
including its size and its important features.

® A count of the number and type of order-of-battle
items, such as aircraft, ships, or ground vehicles
present

Speed requirements vary widely. A report on critical
targets may be required within a few minutes or hours
after receipt of the imagery, while several days or even
weeks may be available to search for routine targets.

The map and the imagery will usually be viewed with the
same orientation. Since the preferred ovientation for
viewing the imagery is fixed by the need to have any
large obliquity fall away from the ob.2rver, and by a
general preference to have shadows fall toward him, it is
seldom possible to use the map with its normal
orientation of north at the top. Because a single frame of
imagery may cover an area at the edge of a map, it is
sometimes nccessary to use two or even more maps at
once. A place to display one or several folded maps
within convenient visual access of the imagery display is
therefore a very desirable feature.

In most organizations, the interpreter will make frequent
use of imagery coordinates. These are usually based on
an X-Y, or Cartesian, coordinate system with the -
reference point at some specified mark or 2dge on the
imagery. Typical units are centimeters measured to the
nearest tenth. The interpreter assigned to check several
known targets un new coverage may be provided with
their predicted imagery coordinates and hence will need
to locate each of these coordinates on the imagery. Also,
the imagery coordinates of each new targei found will be
included in the report as an aid in finding it again on
that imagery. The most common method of locating or
determining a pair of imagery coordinates is by means of
a transparent grid overlay. As one might expect, on
many displays this is very cumbersome. An automatic
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1.0 INTRODUCTION

1.5 THE DISPLAY USER'S TASK (CONTINUED)

coordinate readeut device would be helpful but would
have to be very simple and reliable to compete with the
prid. even as cumbersome as it is.

The importance of specific ground features varies over
both time and geographic area. As a result, a ground
feature that is a target in one time and location may not
be in another. This makes it very difficult to obtain a
consistert, operationally useful definition of just what a
target is. and interferes seriously with attempts to
measure the impact of a new display on target detection
performance. Probably the best available definition is
that a target is anything that should be reported.

As Figure 1 5.1 describes, nmany interpreters search for
targets in a manner that requires access to mark the
imagery area being viewed. In a complex display,
providing this access can be u serious problem.

An item important to many interpreters that can create
a problem for the Jisplay designer is the grease pencil.
Its use in annotating suspect targets is described in

TIPSR I ORI SR S5
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Figure 1.5-1 helow. It is also used by some interpreters
to mark the known turgets on a frame, and by some to
divide a large seurch ares into several smaller areas,
thereby decreasing the chance of missing a portion of
the assigned search area. A grease pencil, hesides being

~inexpensive and easy to obtain, is eusy to apply, easy to

see. and easy to remove from the film. The problem for
the designer is that the grease pencil wax may be
transferred from the film to a curfuace that must be kept
clean, such as a gle:s platen used to hold the film flat.

In some image interpretation facilities. the problem of
grease pencil wax getting on the displsy has been
elimitated by the use of felt-tip pens containing ink that
can be removed with a special solvent. This dous no.
eliminate the need for the interpreter to reach the film
area being viewed in order to mark it. A device that
automatically keeps track of and returns the imagery to
any one of several locations, as commanded by the user,
would eliminate this problem also, but only at consider-
able expense.
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1.0 INTRODUCTION

1.5 THE DISPLAY USER’'S TASK (CONTINUED)

NOTE In many tacihities, gresse pencils
have been teplaced by felt tup markaers, \F OBJECT IS VERY
INTERESTING, IM.
MEDIATELY STUDY
IT THORQUGHLY
{THIS IS NOT COMMON)
4
|
CIRCLE SEARCH
SEARCH R SUSPECT YES
STAR]  ememmeetdl |WAGERY o DETECT  fmgy OS0CC OF FRAME
SUSPECT COMPLETED
ON LIGHT OBIECT WITH )
TABLE GREASE
PLNCIL
(a) f
(b} ERASE
| A |
) § CIRCLE NO
CONTINUE TC STUDY OBJECT,
STUDY ONE ISIT A vEs |CHECK REFERENCE INFORMATION,
CIRCLED POSSIBLE CONSULT WiITH OTHER
(SUSPECT) TARGET INTERPRETERS, ETC.
NBJECT \-’ (requires 0.5 to 8 + hours)
BRIEFLY -
POSITION NEW | NoO ARE 'S IT
IMAGERY ON THERE ANY ERASE NO A YES | PREPARE
LIGHT CIRCLES CIRCLE TARGET A REPORT
TABLE LEFT ? ?

Figure 1.5-1. The Grease Pencil Method of Search.

While there are numerous variations in how search is per-
formed, the method illustrated here is followed, in a very
general way, by many interpreters. A major feature of
the process shown is the division of search into two parts.
The first, part {3), nvolves the careful viewing of a large
area of film to find possible targets, each of which is cir-
cled with a grease pencil. This continues until several c2nt-
imeters to several meters of film, depending on the indi-
vidual, have been searched. Then part (b) of the process,
the checking of each marked object to determine if it
really is a new target, is performed, This is an iterative |
process, with most of the possible targets eliminated :
immediateiy and others being checked several times \
before being either eliminated or accepted as a previousiy
reported or new target. }

There are several differences between these two parts of
the search process that may contribute to their being
performed separately. They require somewhat different
display conditions, with (b) usually involving higher mag-
nification and, in some cases, stereo. Part (b} also differs
in that it often involves consultation with other inter-
preters, while (a) is essentially solitary. Finally, it may
simply be easier for most individuals to retain for a period
of time the mental attitude required for only one part of
the process, rather than switching frequently between
them.
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1.0 INTRODUCTION

1.6 CHARACTERISTICS OF IMAGERY

The relevant characteristics of the imagery to be used on
a display will normally b2 included in the procurement
specitication for the Jdisplay. Hence, this section i
limited to a general summary of the possible kinds ot
imagery, plus g review of special problems sometimes
encountered.

The most common type of imagery is black and white,
or achromatic, silver halide film sensitive in the visual
region of the spectrum. Others include: color, or
chromatic, (ilm: nonsilver halide film; film sensitive to
radiant energy outside the visible spectruin: and elec-
tronic  signals, usually  recorded at some  point on
magnetic tape, representing either radiant eneigy in
various paris of the electromagretic spectrum or a
special signal such as a radar returh. When resolution is
particularly important, most il is viewed as a positive
transparency contact printed from the original negative.

Typical nominal tilm widths are 70 mm (2.8 in), 125
mm (5 in). and 230 mm (9 in). Exact dimensions for
typical achromatic films. and film reels, can be feund in
military specification MIL-F-32G. Film may arrive at the
display in a roll, or web, of up to 300m (1,000 f1).
though much shorter rolls are more common. It may
also arrive as a film chip which will vary from a few
centimeters to a meter or so in length. One advantage of
chips is that they reduce the distribution problems when
several interpreters must view the filiz on a single roll.

1.0-8

Most film includes a border that contains essential

information such as the trame and roll number and sinall

marks that serve as reference points for determining film
coordinates. On some film, a data block containing
collection system flight parameters such as time and
altifude in coded form is also present.

Film is otten very difficult or even impossible to replace,
so it is important that the display not dumage it.
Scratches and overheating are the two most common
problems. This does not mean, however, that the film
will necessarily arrive at the display clean and undam-
aged. In some organizations, at least part of the film will
arrive with grease pencil marks or with splices where

portions of frames have been removed. Splices can be

particularly troublesome when made with poor quality
tape. which can result in adhesive sticking to parts of the
display. All display parts that come in contact with film
should therefore be suitable for cleaning. Another
potential problem with tape splices is their thickness,
which can interfere with the action of mechanisms such

“as a vacuum platen.

Most roll film has a tendency to curl, usually toward the
emulsion side. The amount of curl varies with many
factors, including the amount of tension on the film. In
addition to the obvious requirement to keep film flat
and in the object plane of the display during viewing,
film curl must be considered when allowing for clearance
between the film and parts of the display. (See Section
1.7)
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1.0 INTRODUCTION

1.7 PROBLEMS WITH PROTOTYPE DISPLAYS

One way to obtain 2 better display is 1o avoid the
teatures that led to difficulties with earher designs.
Hence this section provides a summary of some of the
problens  that have occurred, both with prototype
imagery displays and with other Kinds ot equipment.

Many of these problems oceur, at least in part, because
the display designer and the display user have very
ditferent points of view. The designer by necessity is
intimately  familiar with the inner workings of the,
display and is likely to be very concerned for its success.
To the interpreter, & new display is only another ool to
be used to perform some task he is probably perforing
with fair success already. As a result, unless the potential
advantages of a new display are both large and immedi-
ately obvious, he will have very little tolerance for
complicated controls or for repeated equipment failures.
nor is he likely to be very impressed with promises that
any - operating difficulties he is experiencing will be
corrected on future production models.

Carrying this idea a little further, it is useful to contrast
proper design practice with what sometimes happens.
The correct starting point for the design of a display is a
description of the display performance requirements and
of the display functions to be controlled by the
operator. This list of functions should be used to
determine the operating controls and secondary displays
required and these in turn should be used as the basis for
desis»’ng the control electronics and mechanics. In one
complex imagery display this sequence was reversed.
After the optics were selected, the control electronics
were designed, after which a set of controls was added.
The result was a display so difficult to leara to operate
that the only successful user was an interpreter who saw
the controls as a challenge.

It is easy when designing a display workstation to treat
the operator as a rigid manikin and to ignore all the
actions he will be performing and all the materials he
will be u.ing. For example, the workspace must be
adequate not just for the range of operator body sizes
expected (Section 6.1), but also for many changes in
body position to maintain blood circulation and reduce
fatigue. Space is also required for displaying maps and
for reading and writing on computer printouts. The

operator will probably need pencits and ashtray within
reach while Jooking into the display. and some "nay even
want space for a coffee cup. One of the best ways to
geternune if o placned display is campatible with the
wperators bodily dimensions is by building a cardhoard
or plywood mockup. The evaluation of .uch a mockup
should include a realistic range of body sives (Scetion
0.1.1) and individuals familiar with imagery interpreta-
tion work.

Some displays. particularly those intended for special
purposes such as precise mensuration or for comparing
different picces of imagery. require o careful and lengthy
setup that can be ruined by ihe accidental ninipulation
of the wrong control. Since these devices are vperated
primarily while looking into the display, the tendency to
not look carefully at each control before using it
increases the chance of error. This was a particularly bad
problem in the case of a comparator which required up
to halt an hour to set up one frame of imagery, after
which a certain pushbhutton had to be depressed once for
each of the dozen or so pointings to be made.
Unfortunately, depressing a pushbutton adjacent to this
one, which differed from it only in color and labeling,
required that the whole precess be restarted. The
addition of interchangeable plastic overlays that would
allow the operator to depress only the pushbuttons
required during each phase of the operation would
eliminate this prcblem, but they are undesirable because
they demand additional operating steps and they might
become lost. A more elegant sol.don would be to
position the controls in separate groups so that such
errors would be unlikely (Section 6.2.1). Other
approaches would be shape coding (Section 6.3.2), the
use of completely different kinds of controls (Scction
6.2), or the use of govices that preclude inadvertent
operation.

A similar, though less serious problem occurred in a
stereo display in which magnification and image rotation
for each optical train were controlled by identical,
adjacent knobs. In this case, accidental rotation of the
wrong knob caused a moderate increase in setup time,
and when the setup was difficult tended to cause a large
increase in frustration level. Since knob location was
limited by mechanical restraints, the easiest solution
would have been shape coded knobs (Section 6.3.1).
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1.0 INTRODUCTICN

1.7 PROBLEMS WITH PROTOTYPE DISPLAYS (CONTINUED)

New attachments, or performasnce reguirements nobody
remembered to tell the dewigner about, can be o
problem. In one case, a new Jight table held roll film flat
enotigh to clear the sample microscope provided to the
designer, but when 2 new objective lens with a short
working distance was added to the microscope nounted
on the protorype light table, it freque *tly caught on the
edge of the fitm. A similar case occurred when the
designer of a vacuum platen intended to hold rofl film
flat for viewing was provided with a clean, uncut sample
film to use while building the platen. He was apparently
not aware that the platen would afso have to work with
filin that had been cut and taped back together. In
addition to the surfuce irregularity caused by the
thickness of the tape, slight misaiignment of the two
ends of film at the taped joirt increased the amount of
cur! in the film and interfered with the action of the
platen. It was also never established whether it would be
pussible to remove grease pencil wax without cuusing
damage to the delicate optical surface of the platen (see
Section 1.5).

In dizplays intended for viewing a moving image, which
includes almost all imagery displays, a frequent problem
is irregular, or jerky., motion at fow velocity. As is
discussed in Section 3.10, tolerance for such variation in
the velocity is extremely low,

Excess acoustic noise is likely to be a problem in any
display in which air is required for cooling the imagery.
Because of the kind of noise they make, it is likely to be
a serious problem whenever an air compressor or vacuum
pump must be used with the display.
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“tsld-downs™ are pieces of plastic or rubber, often in
the shape of rings, Gt are commonly used 1o hold Hilm
flat on a light table. On rare ovccasions, these are
inadvertently left on the filin when it is translated. with
the result that they pass through the rollers at the end of
the light wble and are temporarily wound with the film
on the film reel. One prototype display included a light
table on which such held-downs were to be used. A
problem  existed  because it also contuined  delicate
components that might have been damaged if the
hoid-downe had been left in place while the film was
moved.

For frequently repeated tasks, it is itaportant to avoid
fone,” complex  procedures. Loading roll film into a
complex display is a task that often violates this rule.
One very sophisticated display was seldoin used, lurgely
for this reason. In another display. a prototype in this
case. elimination of film threading by installing a
permanent lesder that was attached with musking tape
to the end of a roll of film being loaded was not a very
successful solution, because it was a difficult procedure
to perform smooihly.

Devices that work well in one application or location
may not in another. For example. toggle switches work
weil in many situations, but when mounted on the lower
front ‘edge of a light table, they must be provided with

~guards or they will be broken off by the arms of the

interpreter’s chair. Puchbuttons are also useful. but if
they are Jocated near where the display user may rest his
elbows, they are likely to be activated accidentally.
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1.8 EVALUATION NF PROTOTYPE DISPLAYS

A normd step in the development of g new display is the
comstrition of a4 prototy pe unit that can be evaluated
to establish whether the Cispluy s usetul and 1o
determine what moditications should be made i pro-
duction One  part of
engmneering testing. This should deternune if contract
specifications such as image quabity. compatibility with

units, such an evaluation s

ditterent il sizes, and hmits on sutface temperatures
have beer met. it good comstruction practive has been
tollowed, and it retiability s hikely to be acceptable.

Another part of the evaluation is the determination of
just how suitable the display is for use in an operating
work environment. That is. will it improve work output?
Will it improve operator comfort so that the same
output rate can be maintained for a longer period of
time? Is it compatible with sl phases of the work
operation? Does it impose any new requirenients on the
work situation and are these acceprable? Is it difticult o
learn to operate, so that personnei will requise extensive
training? Do the operators find it acceptable? I not, can
the problems be easily corrected? Are there any changes
to the operator interface, such as the reiocation of a
con‘rol, that would make it easier to use?

The evaluation of whether the display is suitahle for the
operating environment can  be conducted at many
different levels. One approach is to add a tag saying
*“New Equipment Please Evaluate™ to the display and
teave it in the hall next to the interpretation work area
with the hope someone wui come along and use it. At
the other extreme, in both information obtained and
cost, is a formal test program in which selected
interpreters are first trained to operate the display, after
which their performance is measured while they use the
new display, and any competing displays, with test
imagery and tasks carefully selected to represent the
normal work situation.

The second approach provides a much better basis for
deciding whether a new display is worthwhile, and
should be used when possible. If the available - ources
limit the evaluation to sorcthing closer to the first
approach, then at a minimum it is necessary to establish
sufficient controls over who uses the equipment and
over the method of Gata collection so that the results are
- aningful, Whatever approach is used. the following
» sidelines should be followed:
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® Betore conducting the evaluation. think through the
data analysis process to determine how the results
must he presented in order to allow making the

necessary management decisions.

® Ruther thon attempting to measure absolute performe-
ance level on the new display, design the test as a
comparison hetween the new display and the current
mudel itis intended to replace.

® (Conduct an operational evaluation only on a properly
functioning Jisplay. Interpreters will have a very low
tolerance for equipment that is difficult to use
because it has heen poorly constructed. or that keeps
breaking down.

® Provide each user with sufficient training to ensure
that the display is not rejected hecause someone
didn’t know how to operate it.

® Inform each operator in person, not just by memo,
about the purpose of the display and his role in
evaluating it. Yesides reducing confusion, this will
rake the operator more enthusiastic about the
evaluation, though not necessarily more satistied with
the display.

® Establish a schedule showing who will use the display
and when. This will help ensure an adequate number
of users, and an adequate range of work tasks.

€ 'When selecting the work tasks to be performed on the
display. keep in mind that more difficult tasks are
more sensitive to differences between viewing condi-
tions. For a general purpose display, a representative
work task should provide the best indication of the
operational performance that would be obtained with
the display. However, when testing time is lunited,
task items specially selected to be very difficult will
be more effective in determining if one display is
better than another.

® If work perfurmance is to b2 measured, be sure that

all operators are aware that the intent is to evaluate
equipment, not personnel, and that their performance
scores will remain confidential.
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1.0 iINTRODUCTION

1.8 EVALUATION OF PROTOTYPE DISPLAYS (CONTINUED)

® When feasible, briet the test subjects on the outcome
ot tests in which they participated.

® Detenmine the data to be collected from the manage-

ment decisions for which they will be used. For
example, a decision on whether or not to buy a
production quantity of the display being evaluated
requires different information than a decision on
whethier a specitic feature of the display should be
incorporated into a future model.

® ‘Establish a formal procedure for data collection. If
the data must be limited to operator opinions, ask
specific questions covering each area in which infor-
mation is required, not just general questions such as
“*What did you think of it?”

® If data must be limited to operator judgments,
tequire the operator to use the display to perform
realistic tasks before asking for the judgments. This'
will provide him with a much better basis for making
a fair appraisal of the display.

® Use a sufficient number of operators, from a suffi-
ciently wide range of organizations, as is required to
obtain meaningful results.

3

® Whenever possible, use established statistical pro-

1.0-12

R RPN SR N

cedures to dctermine the margin for error in the
results and the probability that the ditferences
observed were due to chance variation in the data.

Since prototype displays often represent an improve-
ment in the available adjustment range of features such
as image luminance or image translation velocity, they
can be used to obtain valuable information about the
operational use of these features that will help set
requirements for future displays. Prototype displays
should be provided with test points and scales that
would make it possible to obtain such information
without modifying the display. For example, the knobs
that control luminance, magnification, image rotation
and similar functions, in addition to their normal
labeting, should include a scale that would allow their
precise setting to be recorded. These need not be
culibrated, since this can be performed in the field.
Test points should be provided for signals from the
operating mechanisms for functions where visual access
to the control settings is difficult and for controls (such
as joysticks and track balls) whose nature prevents the
use of scales. Test points should also provide access to
signals related to functions that change rapidly during
use, such as image velocity. Such test points would have
made data like that shown in Figure 3.10-9 much easier
to obtain.
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SECTION 2.0 CHECKLISTS FOR SPECIFIC DISPLAYS

When the designs or procurement specifications are
being prepared for u display system. it is useful to have 4
list of the display features that should be considered.
This section provides several such lists. More than one of
these lists will apply to most displays. For example, a
microstereoscope mounted on a light table and intended
for viewing color imagery would involve the fullowing
lists: Sections 2.1 (which anplies to all displays), 2.2,
24.2.7,210,and 2.11.

Because of the complexity of many of the design
recommendations contained in the later sections of this
document, the lists given here are limited to identifying

2.1 ALL IMAGERY DISPLAYS

2.1.1 s the image luminance adequate for best vision,
even when the film has the maximum density?
(Sections 3.2.6, 3.2.5)

2.1.2  Is an adequate luminance control and control
range provided? (Sections 3.2.6, 6.2.1)

2.1.3  Is the illuminant spectral distribution adequate
for best achromatic vision? (Section 3.2.7)

2.1.4  Will temporal variation in image luminance, or
in light reaching the eye from any other part of
the display, cause noticeable flicker? (Sections
3.2.10and 4.2)

2.1.5  Are all sources of glare and veiling luminance
eliminated or at least easily shielded by the
operator? (Sections 3.2.12, 3.2,13)

2.1.6  Is the quality of the displayed image as good as
necessary given the available imagery quality?
(Section 3.3)

2.1.7  If possible, is a binocular viewing capability
provided? (Section 3.7.2)

2.1.8 Is an adequate magnification range provided?
(Section 3.3.1, 3.3.2)

2.19  Are aberrations excessive with a static image?
(Section 3.4). With the image moving at anti.

the display characteristics that should be considered,
plus the section numbers where specific design recom-
mendations or supporting data can be found. In a few
cases a display characteristic is listed here so that the
designer will be reminded of it, even though it is not
discussed elsewhere in the book.

Screen and aerial image displays are defined in the
introduction to Section 3.0, and binocular and biocular
displays are defined in Section 3.7.1. Thesw and any
other terms that are unfamiliar can probably bs found in
the glossary (Section 8.0) or the index .

2.1.11 Is the display field larger than can be effectively
used? (Section 3.5)

2.1.12 Is the displayed image at the best viewing
distance for the eye? (Section 3.6)

2.1.13 Is the focus range adequate? (Section 3.8.1)

2.1.14 Is the focus mechanism adequate? (Section
3.8.2,3.8.3)

2.1.15 Is the minimum non-zero image velocity ade-
quate? (Section 3.10.3)

2.1.16 Is the maximum image velocity adequate?
(Section 3.10.3)

2.1.17 Is the entire range of image velocities free of
noticeable jerk? (Section 3.10.3)

2.1.18 Is the image velocity control system adequate?
(Section 3.10.4)

2.1.19 Does the image velocity for a given control
input remain nominally constant as magnifica-
tion is changed? (Section 3.10.4)

2.1.20 Can the image be rotated as required? (Section
3.10.6)

2.1.21  Does the relatiorship between image translation
control input and image translation directions
remain constant with image rotation? (Section

cipated velocities? (Section 3.4.4,3.4.5,3.10.3) 3.10.7)
‘ (:) 2.1.10 Is the display field sufficiently large? (Section
; A 3.5)
A
: ~
N 2.0-1
L (2-76)
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SECTION 2.0 CHECKLISTS FOR SPECIFIC DISPLAYS

2.1

3126

2.1.28

2.1.30

2.2

2.21

222

2.23

224

226

ALL IMAGERY DISPLAYS (CONTINUED)

Does vibration degrade the quality of the
display image? (Section 3.11)

Are the physical dimensions of the display and
the operator compatible? (Sections 6.1, 0.1.1)

Are all control types appropriate? (Section 6.2)

Are all controls and displays in the appropriate
relationship to each other? (Section 6.3)

Are all controls and displays in appropriate
locations? (Sections 6.1.4. 6.1.5.6.3.1)

Are secondary display parameters adequate?
(Section 6.4)

Are adequate scules provided to show control
settings? (Sections 6.3.4, 6.5, 3.7.3, 3.8)

Does the combination of control and display
chvice and layout plus labeling make the
operation of the display obvious with minimal
training? (Sections 6.2, 6.3, 6.5)

Are all possible hazards eliminated? (Sections
6.6.4,6.5,6.9.9)

BINOCULAR DISPLAYS

Is the interpupillary distance (IPD) range ade-
quate? (Section 3.7.3)

Is the interpupillary distance (IPD) setting
displayed? (Section 3.7.3)

Are the images to each eye registered ade-
quately? (Section 3.7.4)

Will differences in images to each eye cause the
image to appear excessively curved? (Section
34.5)

Do the images to each eye match in viewing
distance? (Section 3.7.7)

Do the images to each eye match in quality?
(Section 3.7.8)

2.0-2

2.1.31

2.1.32

(]

133

2.1.34

2.1.35

2.1.36

2.1.37

2.2.7

2.2.8

229

2.2.10

2.2.11

2.2.12

Are personnel made aware of all hazards that
cannot be eliminated? (Sections 6.8, 6.5)

Does the display generate sufficient noise to he
hazardous? (Section 6.6.4) To interfere with
communication? (Section 6.6.4) To cause oper-
ator discomfort? (Section 6.6.5)

Are all requirements for preventive main-
tenance. including the maintenance schedule,
made obvious to the operator? (Sections 6.9.1,
6.9.11)

If there is any reason to know display operating
time, has a meter been provided?

Hus adequate provision been made for repair?
(Scction 6.9)

Are adequate operating and maintenance
manuals provided? (Section 6.10)

Is film support and hold down adequate?

Do the images to each eye match in luminance?
(Section 3.7.9) )

Is there an adequate differential focus range?
(Sections 3.8.1, 3.8.3)

Is the differential focus mechanisin adequate?
(Section 3.8.3)

Is the differential focus setting displayed?
(Section 3.8.3)

Does the eye convergence angle approximately
match the viewing distance? (Section 3.7.4.2)

If there are small exit pupils, is the eye relief
adequate for display users wearing spectacles?
(Section 3.9.5)

(2-76)
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SECTION 2.0 CHECKLISTS FOR SPECIFIC DISPLAYS

22

253

BINOCULAR DISPLAYS (CONTINUED)

It there are small exit pupils, is face clearance
adequate? (Section 3.9.0)

If there are small exit pupils and a chance
spectacles could contact the display, can
scratches result? (Section 3.9.3)

BIOCULAR DISPLAYS
Are distortions excessive? (Section 3.4.5)

Does the registration between the images to
each eye vary excessively as the head changes
position within the exit pupil? (Sections 3.7.1,
3.7.4,34.5)

2.2.15

2.2.16

AERIAL IMAGE DISPLAYS WITH SMALL EXIT PUPILS

Is the eye relief for display users wearing
spectacles adequate? (Section 3.9.3)

Is face clearance adequate? (Section 3.9.6)
If there is any chance spectacles could contact

the display, can scratches result? (Section
3.9.3)

SCREEN DISPLAYS

Is the screen shielded from ambient illumina-
tion? (Section 3.2.13,4.4.2)

Is the screen tilted slightly to prevent the user
from seeing a reflection of his face or shirt?
(Section 3.2.13)

If reflection may be a problem, is an antireflec-
tion screen used? (Section 3.2.13)

2.0-3

244

24.5

254

2.5.5

2.5.6

If there are small exit pupils, is the eyepiece
elevation angle reasonable? (Section 6.1.3)

If there are small exit pupils, is the eye height
suitable? (Section 6.1.2)

Is the iuminance adequate? {Sections 3.2.6,
3.7.1)

Is the eyepiece elevation angle reasonable?
(Section 6.1.3)

Is the eye height ruitable? (Section 6.1.2)

Is the distance to the screen appropriate?
(Sections 3.6.5,4.3.10)

Is the focus control adequate? (Section 3.8.4)

Is the screen size appropriate? (Section 3.5)
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SECTIOM 2.0 CHECKLISTS FOR SPECIFIC DISPLAYS

2.6.6

2.6.8

2.6.9

2.6.10

2.6.11

2.6.12

2.6.13

ELECTRO-OPTICAL IMAGERY DISPLAYS

Will the resolution of the camera remain at
adequate levels if moving imagery is viewed?
(Sections 4.3.7,4.4.0)

Have adequate precautions been taken to pro-
tect the camezra from damage by intense light
sources?

Have udequate precautions been taken to pro-
teet the camera and the CRT from excessive
electron beam currents?

Has the range of the camera’s linear response to
luminance been matched to the range of lumi-
nances expected in its operating environment?

Are the color response characteristics of the
camera matched with its intended use if color
imagery is to be generated?

Is a three-or a four-tube color camera necessary
to maintain resolution in color imagery?
(Sections 4.0, 4.1)

Is the matrixing of the color sigials matched to
the intended use of the imagery? (Sections 4.0,
4.1)

Have (he quantizing levels been selected to
match the intended use of the imagery? (Sec-
tions 4.0, 4.3.6,4.4.2)

Is the deflection angle of the CRT the mini-
mum which can be used? (Sections 4.0, 4.1)

Is there a possibility of better utilization of
available bandwidth through the use of higher
order line or line/dot interlace techniques?
(Sections 4.0, 4.2)

What display aspect ratio should be used?
(Sections 4.0, 4.4.2)

Does the face of the CRT need to be protected
from ambient illumination? (Sections 4.0,
44.2)

Is the luminance produced by the display linear
with respect to the strength of the imput signal

2.0-4

over the operational range of signal strengths?
(Section 4.4.1)

2.6.14

2.6.15

2.6.16

2.6.17

2.6.18

2.6.19

2.6.20

2.6.21

2.6.22

2.6.23

2.6.24

Do high luminance levels in one nart of the
display arca significantly degrade the contrast
in adjacent tow-luminunce areas? (Sections 4.0,
44.2)

Do the normal variations in displayed color fall
within acceptable limits for the intended appli-
cation of the system?

If both color and black and white images are to
be used, should separate displays be provided?
(Sections 4.0,4.3.8,4.4.2)

Is the difference in resolution between the
center and edges of the display within the limits
required by the intended use of the system?
(Section 4.0)

Are the geometric distortions of the image
within the limits allowed by the imended use of
the system?

Has the relationship between line width and
line spacing been set with proper consideration
for the intended use of the imagery? (Sections
44.1,44.2)

Does the design ensure that line pairing will
remain within acceptable limits (Sections 4.0,
44.2)

Has the effect of raster size and viewing
distance on the visibility of the scan lines been
taken into account? (Sections 4.0, 4.4.2)

Hus the system been designed to have approxi-
mately equal horizontal and vertical resolution?

Does the faceplate require special design to
prevent the scattering of light through internal
reflections? (Section 4.4.2)

Is the variation in luminance between the
center and edges of the display within the limits
required by the intended use of the sy*t~m?
(Sections 4.0, 4.4.2)

.
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SECTION 2.0 CHECKLISTS FOR SPECIFIC DISPLAYS

2.6

2.6.27

273

28

2.8.1

2.8.2

283

29

29.1

292

293

ELECTRO-OPTICAL IMAGERY DISPLAYS (CONTINUED)

Is the image produced by the display free of
unwanted motion?

Will the signal-to-noise ratio of the displayed
image be large enough? (Sections 4.0, 4.3.3)

Is there any X-radiation hazard from the
display? (Section 6.8.2)

Has the point spread function for the optical
line-scan image generator been selected to

LIGHT TABLES

Is the size of the illuminated area adequate, but
not larger than required? (Section 3.2.11.1)

Is the film loading access adequate? (Section
7.1.2)

Is the support mechanism for roll filin designed
for easy use and to minimize the neced to
support the film reel in an exact position during
loading?

TUBE MAGNIFIERS

Is the device sufficiently small and light to be
easily used?

Is it possible to change the focus easily?
(Section 3.8.2)

Is an adequate focus range provided? (Section
38.1)

COMPARATORS

Is image positicning precision adequate? (Sec-
tions 5.3.2,5.3.5,3.10.5)

Is the maximum image velocity adequate?
(Sections 3.10.3, 5.3.2, 5.3.5)

Is the reticle casy to detect when viewed against
imagery? (Section 5.3.8)

2.0-5

2.6.29

2.6.30

274

2.7.5

2.7.6

2.84

285

294

29.5

2.9.6

provide maximum intepretability from the fin.
ished image? (Applies to line-scan image gener-
ators) (Section 4.3.12)

Is the level of jitter in the printer within
acceptable limits? (Applies to line-scan image
generators) (Section 4.3.12)

Is bandiﬁg within acceptable limits? (Applies to
line-scan image generators) (Section 4.3.12)

Are the ‘minimum and maximum film speeds
adequate? (Section 3.10.3)

Is the film translation control adequate? (Sec-
tion 3.10.4)

Is the general light table configuration suitable?
(Sections 6.1.1, 6.1.2)

Is the distortion within reasonable limits? (Sec-
tion 3.4.5)

Will it scratch the film?

Is the recticle likely to obscure the edge with
which it is being aligned? (Section 5.3.8)

Is there significant parallax that might cause a
measurement error? (S.ctions 5.3, 5.3.8)

If color imagery or a colored recticle is
involved, can this introduce any measurement
error? (Sections 5.2.6, 5.3.7)
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SECTION 2.0 CHECKLISTS FOR SPECIFIC DISPLAYS .

210  STEREO DISPLAYS
14
2101 Are the two optical trains adequately aligned ? 2.10.5 Can the two images be differentially rotated as )
(Section 3.7.5) required? (3ection 3.10.6)
2.10.2 It the operator cannot reposition the image 2.10.6  Can the two images be differentially magnified
hefore one eye relative to the other, are the two as required? (Section 5.1)

images properly registered? (Sections 3.7.4, 5.1)
2.10.7 s the precise positioning capability for setting

2103 If the two images are separated by difterent up stereo adequat.? (Sections 5.1, 3.10.4)
; colors, as in an anaglyphic display, will the
‘ color difference cause a differential focus prob- 2.10.8 s anamorphic magnification required to reduce
lem? (Section §.1.4) the distortion between members of a stereo

pair? (Section 5.1)
2104 Can the two images be interchanged as
required? (Section 3.10.6)

211 COLOR DISPLAYS

2111 s the image luminance adequate? (Sections 2.11.6 If colors must be determined precisely, is the
3.2.8,5.2.3,5.24) illuminant spectral distribution correct? (Sec-
‘ tion 5.2.4.7)
2102 Will displacement of image details of different
colors cause a problem? (Section 5.2.6) 2.11.7 If colors must be determined precisely, is it
possible to provide an artificial surround of )
2.11.3 If colored targets must be detected, will the optimum luminance and with a neutral spectral
illuminant spectral distribution yield the best distribution? (Sections 5.2.4.3,5.24.4,5.24.5)

possible targat contrast? (Sections 3.2.9, 5.2.3)
2.11.8 If colors must be determined precisely, is the

2.11.4 If colors must be determined precisely, is the set of matching colors made of the same
magnification adequate to enlarge the target to material as the target, thereby reducing the
an acceptable size? (Section 5.2.4.1) impact of variations in viewing conditions and

differences among observers? (Section 5.2.4)
2.11.5 If colors must be determined precisely, is the
luminance adequate? (Sections 5.2.4.2, 5.2.4.3, 2.11.9 If colors must be determined precisely, can the
5.244) target and matchirg colors be viewed side by
side? (Section 5.2.4)

Prre
~——

-
'

OIS i 94

TR

20-6



e

3.1
32

33

34
3.5
3.6
3.7
38
3.9
3.10

an

SECTION 3.0

OPTICAL IMAGERY DISPLAYS |

VISUAL PERFORMANCE

ILLUMINATION

ANALYSIS OF DISPLAY PARAMETERS

ABERRATIONS
DISPLAY FIELD SIZE

VIEWING DISTANCE

BINOCULAR VIEWING

FOCUS MECHANISM

EYEPIECE DESIGN

IMAGE TRANSLATION AND ROTATION

VIBRATION

J ik S0 gy e . N
S by e TR S 07 Yty LB AR LY L R P o e e R O st s R i ka2 ] Al
i
e
— 7
s e

L g B, Mgt B a B By SR B

i

a2 i

v gt remaion e s e S 1 i s

P T - -

e o SR

it e i e O i I i G i S i TR i




()

SECTION 3.0 OPTICAL IMAGERY DISPLAYS

When discussing ceriain display features, it is helpful to
divide imagery displays into two categories, screen
displays and acriual image displays:

® | a screen display, the opticat element closest to the
eye is a diffusing surfuce. or screen, on which the
image is formed, and viewing distance is equal to the
eyc-toscreen separation. Typicul screen displays are
front and rear projection screens and cathode ray
tubes (CRT's).

® In an ucrial image displuy, a refractive element is
nearest the eye. As Figure 3.6-1 explains, the viewing
distance in an aerial image display is defined only by
the rearward projection of the light rays entering the
eye to the point in space where they form an image
which is usually, though not necessarily, virtual.
Typical aerial image displays are the microscope. the
magnifier, and the cathode ray tube (CRT) or
projection screen viewed with a magnifier.

As far as the user is concerned, these two kinds of
displays differ in the following ways:

® Viewing distanc.  or correct eye focus distance, is
fixed by the screen distance in a screen display. but
varies with focus setting in an aerial image display
(Section 3.6).

® For nonstereo binocular displays, the images viewed
by the two eyes are identical for a screen display but

3.0-1

are not necessarity identical for an aerial image
display (Section 3.7.4).

® Ap acrial image display may incorporate a small exit
pupil, which fixes head position, while a screen
display may not (Sections 3.3.1, 3.7.1).

® Screen displuys are by necessity limited to the
resolution achievable with the materials that make up
the screen: aerial imagery displays are also resolution
limited. but the limit is generally not so directly
obvious to the display user (see Section 3.3).

Three terms. object, imagery, and image, are used in this
handbook in ways which, though correct, are not always
followed in common usage. In an optical imagery display
the vhject is, by definition, the imagery being viewed.
The display forms one, or more, images of the object
(imagery), but the one discussed most frequently here is
the image defined by the rearward projection of the light
rays entering the eye.

A fourth potentially misleading term is image quality. As
used in this handbook, it refers specifically to the
quality of the display image, with an implicit assumption
in most cases that the display and not the imagery is the
limiting factor. The term “image quality™ is often used
elsewhere to refer to the quality of imagery, but it is not
used in that sense here.
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SECTION 3.1 VISUAL PERFORMANCE

An adequate analysis of an imagery display must includs
a description of the visual ability of the intended display
user. The purpose of e present section is to summirize
the best availuble data on this topic. Because so mony
different factors can influence vision, the test conditions
used in collecting each set of Jata are described in some
detail.

A thotough understanding of how the visual system
functions would also make a major contribution to the
design of imagery displays.  However, it is usually not
sufticient to substitute a simple description of the visual
system.  For example, it is seldom helptul to analyze
display image quality just in terms of the size of the
photoreceptive elements in the retina.

Most of the data in this section describes threshold visual
performance. That is, it represents the smallest or lewest
contrast object that can be seen in a given situation.
When applying this data to an imagery interpretation
situation, it is necessary to keep in mind that the
important features in any picce of imagery are not all
very small or very low contrast, nor is it probable that
the intelligence value of imagery features is uniformly
distributed across whatever continua are used to quan-
tify size and contrast. Therefore, although improving a
display so that an object 5 percent smaller cun be seen
will certainly increase the amount of infoimation that
the display user can extract from the imagery, it is
generally not possible to assign a number to the practical
value of this increased information.

The measurement of visual performance has undergone a
lengthy evolution, much of which is illustrated by the
data summarized in Sections 3.1.3 through 3.1.7.

Until recently, most measurements of visual perform-
ance have involved either size or contrast, but not both.
With a few exceptions, researchers mecasured either
ability to resolve detail in small, high-contrast targets, or
to distinguish contrast in a very low-contrast, relatively
large target. The first of these abilities is usually referred
to as visual acuity and the second as contrast threshold.
As Figure 3.1-12 illustrates, visual acuity is simply the
reciprocal of the size of the smallest resolvable target in
arc minutes.

Because the imagery display user must resolve edges that

include a range of both sizes and contrasts, information
on visua! performance when both of these parameters
are varicd is much more useful to the designer. Many
measurements of this type have teen made and some of
the more useful data are summarized in Section 3.1.4 for
noncyclical targets and in Section 3.1.5 for cyclical
targets.

Seetion 3.1.5 includes data on visual performance in
which the luminance variation follows a sinusoidal
distribution. This type of target significantly simplifics
the analysis of a display or visual performance test
situation because, although the size and contrast of the
target are changed by the optical elements present, the
luminance distribution in the image remains sinusoidal.

Visual performance is often measured with cyclical
targets such as gratings. The two characteristics usually
considered important in describing a grating, in addition
to the shape of the Juminance distribution, are spatial
Srequency and contrast. Recent data, summarized in
Section 3.1.6, suggest that for sinusoidal gratings with a
low spatial frequency (below about 2 cycles per degree)
and containing a total of less than 3 to 5 cycles, the total
number of cycles present may be more important thar
the spatial frequency. This effect is also evident in
Section 3.1.7, which illustrates visual performance for
targets that can be described in the same terms as ‘
cyclical targets but which are much more like the edges
in rcal imagery because they include only one cycle or a
fraction of one cycle. The full impact of this type of
data on analyses of display parameters such as those
discussed in Section 3.3 has not yet occurred.

Strikingly missing from this sequence is an adequate
treatment of the impact of photographic and other noise
on vision (Ref. 1). When the imagery is photographic
film, the principal source of noise is grain. (Noise in
electronic displays is treated in Section 4.3.3) In grain-
less imagery, the ability to resolve details in the imagery
increases with magnification up to the limits set by the
modulation sensitivity of the eye and the modulation
transfer characteristics of the display. (See Section 3.3.)
However, because the inteiference due to grain also
increases with magnification, the actual performance
limit and possibly even the optimum shape for the
modulation transfer function (MTF) of the display may
be quite different than predicted by an analysis in which
grain noise is not considered. ]
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tion levels much lower than are provided in imagery ais-
plays.

e S

as shown here. A typical value is 5 degrees (Ref. 4).
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S SECTION 3.1 VISUAL PERFORMANCE
%
3.1.1 STRUCTURE AND OPTICS OF THE EYE
This section summarizes many of the physical and display designer. Eye pupi. size is treated briefly here,
optical charscteristics of the eye important to the but the more complete coverage is in Section 3.2.3. '
e
FIXATION
\;\ NASAL poiNT M TEMPORAL
oo VISUAL | CORNEA VIS AL
FIELD ' FIELD
¢ AQUEOUS -1RIS —p
HUMOR i
!
|
PUPIL i
|
|
l @ VITREQUS
| 1% HUMOR ——MUSCLE
2] 1«
xi12
MUSCLE ~—— < g
ol ?
I B SCLERA
OPTIC DiSC o }
, {BLIND SPOT) | RETINA
: : FOVEA CHOROID
SIS m
. OPTIC NERVE =’ |
1 ‘}/"
\ P :
o % : Figure 3.1-1. Structure of the Human Eye. A horizontal The nerve fibers that connect the receptors to the brain lie
Wb " cross section th; ough tne right eye is shown here (Ref. 2), on *1e inner surface of the retina and pass out through the
"\» retina at the optic disc. There are no receptors in the optic
LW Light entering the eye is focused on the reting by the two dit -, resulting in what is referred to as the blind spot (Fig-
P refractive elements of the eye, the correa and the lens. ure 3.5-7). Individuals are seldom aware of its existence.
R The spaces between these elements and the retina are
o filled with nominally clear fluids (Ref. 3) xnown 3s aque- The optic axis, on which lie the optical centers of the
. ous and vitreous humor. The area through which the light cornea and lens, and which is the common axis of both,
\ i can enter the eye, the pupil, is limited by a membrane exists only in thzory. This is also true of the visual axis, or
\" known as the iris, which lies an the surfuce of the lens. line joining the fixation point to the fovea. It occurs
\ o { The iris changes the size of the pupil in response to several because in a real eye {unlike the schematic eye in Figure
R variables, including illumination {Section 3.2.2). 3.1-4), the cornea and lens do not share a common axis
b \ (Ref. 4). As a result, the optic and visual axes can only be
"“-_‘*{f;‘ The retina contains two types of photosensitive receptors, estimated. A common estimate of the optic axis is the line
N the cones ard the rods. The cones differ from the rods in perpendicular to the cornea and centered on the entrance
FEE that they operate at higher illumination levels, provide pupil of the eye (Ref. 4). A comparable estimate of the
g4 better spatial resolution and contrast sensitivity, and pro- visual axis is the line connecting the fixation point to the
FE vide color vision. Tie rods are more sensitive to light than center of the entrance pupil. Surprisingly, in most ‘ndivid-
Ty the cones and contribute to vision primarily at illumina- uals the best estimated optic and visual axes differ about

(2-76)




SECTION 3.1 VISUAL PERFORMANCE

3.1.1 STRUCTURE AND OPTICS OF THE EYE (CONTINUED)
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Figure 3.1-2. Accommodation. The distance from the
cornea to the retina is essentially fixed. Theretfore, in order
for bundies of hight rays arriving at the eye from different
distances 10 be in tucus on the retina, the refractive power
of the eye must change. This change in power is caused

by a change in the shape of the lens and is known as
accommedation. The accommaodative range ¢ ¢ the eye and
the reduction in this range as the lens hardens with age are
covered in Section 3.6-1.

Accommodation is usually expressed as the change from
infinity focus, in diopters, which is the same a¢ the inverse
of the distance from the eye in meters (1/m). For exam-
ple, an eye focused on an object at 0.25m (10 in) is said
to be accommodated 4 diopters {1/0.25 = 4). An eye
focused on an object at infinity is said to be exerting zero
accommodation. The resting state of the eye generally
involves a diopter or so of accommodation {Section

3.6.2).
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SECTION 3.1 VISUAL PERFORMANCE

3.1.1 STRUCTURE AND OPTICS OF THE EYE (CONTINUED)
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SIMPLE LENS IN AIR

(1 =1'= 1.00) EYE (n=1.00#n'~1.33)

F,F = FOCALPOINTS

H, H' = PRINCIPAL PLANES

N, N = NODAL POINTS

n, n’= {NDICES OF REFRACTION

Figure 3.1-3. Review of Ray Tracing in a Simple Lens and
in the Eye. This figure is included to illustrate how the
basic rules of ray tracing, which can be found in almost
any text on optics, apply to the complex optical system
of the eye. Tracing the paths of light rays as they enter
the eye is more ¢ mplicated than for a simple lens in air
for twe reasons. First, the eye must be treated as a thick,

rather than a thin lens, and second, the index of refraction
of the media inside the eye is not the same as the index of
refraction of the air outside the eye. As a result, the
schematic, or idealized eye shown’in Figure 3.1-4 must
contain a separate principal plane and nodal point for the
entering and emerging light rays.
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SECTION 3.1 VISUAL PERFORMANCE
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3.1.1 STRUCTURE AND OPTICS OF THE EYE (CONTINUED)
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f = ANTERIOR VERTEX FOCAL LENGTH
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OGLE MIL-141 (Ret . 7}

{Ref, 6} {Ref, 2) FAR NEAR
£, -15.6 -15 59 ~16.31 -12.96
f -17.0 ~17.13 -16.78 -14.66
f 227 22.89 22.42 19.58
h 1.42 1.54 1.47 1.70
h’ 1.5 1.86 1.7 2.03
p - 354 3.60 3.20
n 74 7.30 7.11 6.62
n’ 7.3 7.62 7.39 6.95
| 243 24.75* 2417 -

{all distances in miliimeters)

‘RANGE 1S 21 - 26 mm

o

Figure 3.1-4. The Schematic Eye. The parameters for
several different schematic eyes are illustrated here. The
Gulistrand schematic eye No. 2 is one of the earlier ver-
sions. [t is stiil the most commonly used. Ogle suggested
that data now available on the eye should allow deter-
mination of better values for a schematic eye and pre-
sented the one listed in the first column. Both it and the
schematic eye given in MIL-HDBK-141 {Ref. 2) differ
slightly though usually not significantly from the Gull-
strand No. 2 eye.

Both the Ogle and MIL-HDBK-141 schematic eyes are for
an accommodation distance of infinity. The Gullstrand
No. 2 eve inctudes values for two distances, infinity and a
nzar distance of 8.6 diopters.

The lower left-hand part of the figure shows the physical
dimensions for the Gulistrand No. 2 eye, focused for
infinity. The refractive index of the fens is the effective
average value. Actually, the refractive index increases
toward the center of the lens.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.1 STRUCTURE AND OPTICS OF THE EYE (CONTINUED)

{all dimensions

OGLE 17-mm EYE (Ref. 9)

in miltimeters) CORNEA RETINA
H
\
[4 \
(N £ N
{ |
\ !
167 }—o}—s] 5.55 /
fe—-16.67 2.22 o
EMSLEY 60-DIOPTER (Ref. 8)
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H
’ \
! \
F l, N Ve
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fo——-17.0 226 o
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RAY TRACE EXAMPLE

= FOCAL POINTS
= NODAL POINT
= PRINCIPAL PLANE

T I T

Figure 3.1-5. Reduced Schematic Eyes. Frequently a
reduced, or simpiified, schematic eye provides adequate
computational precision. A typical application is deter-
mination of retinal image size. The two examples illus-
trated here reduce the infinity focused aye to a single
refracting surface, the principal plane, H, with a single
nodal point, N, at its center of curvature.

Note that these two reduced schematic eyes are nearly
identical. The Emsley version, with a refracting power of
60 diopters, has an anterior focal length of 1/60 =
0.01667m, while the Ogle version, with an anterior focal
length of 17 mm, has a refracting power of 1/0.017 = 68.8
diopters.
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SECTION 3.1 VISUAL PERFORMANCE
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3.1-7

3.1.1 STRUCTURE AND OPTICS OF THE EYE (CONTINUED)

Figure 3.1-6. Eye Center of Rotation. The center of
rotation of the eva is approximately 13 mm behind the
front surface of the cornea (Ref. 10), which places it
approximately 10 mm behind the entrance pupil of the
eye. As a result, eye rotation results in movement of the
eye pupil. The impact of this movement is treated in Fig-
ures 3.5-13 to -15.

Figure 3.1-7: The Eye Pupil. The display designer must
be concerned with the entrance pupil of the eye rather
than the real pupil. The entrance pupil is the dark aper-
ture that can be seen when looking into another person’s
eye. As this figure illustrates, the entrance pupil is larger
and closer to the cornea than the real pupil (Ref. 11). If
the diameter of the entrance pupil is x, the diameter of
the real pupil is 0.8x, and the diameter of the exit pupil
is 0.93x.

With the exception of Figures 3.1-1 and -4, the term “eye
pupil’’ as used in this document implies the eye entrance
pupil rather than the real pupil. In particular, the eye
pupil data in Sections 3.1.9 and 3.2.3 apply to the eye
entrance pupil. Unfortunately, the distinction between
real and entrance pupil is not treated in many of the stud-
ies used in these sections, and it is necessary in many cases
to assume that the authors intended the latter.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.2 UNITS THAT DESCRIBE THE IMAGE

It is cus}mnury to characterize the elements that make
up an image in tenms of their size and contrast. This
section illustrates some of the more important units that
have been used to define these parumeters. Subsequent
sections utilize as few different units as possible.

A major activity in display development has been the
search for a single universal figure of merit that expresses

the quality of an image. Recent examples of some
importance include the optical power spectrum (OPS)
(Ref. 12) and the modulation transfer function area
(MTFA) (Ref. 13). While these may be very successful
for their intended purpose, there is as yet no data
available on these units that serve to define the
capabilities of the eye, and thercfore they are not
included hese.
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Figure 3.1-8. Visual Angle. From the point of view of
the display user, it is most useful to define the size of an
object in terms of the visual angle it subtends at the user’s
eye. In the illustration, for example, the thr.e objects, A,
B, And C, are different sizes but because their size to dis-
tance ratio is constant, they subtend the same visual angle
and produce nearly the same size retinal image (Ref. 14),
As a result, they are essentially equally visible.

The three objects are not, however, completely equivalent.

Because they are different distances from the eye they
require different amounts of eye accommodation to pro-
duce a sharp image on the retina. In addition, because the
apparent size of an object depends on several factors in
addition to retinal image size, they may be perceived as
being different in size (Ref. 15).
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SECTION 3.1 VISUAL PERFORMANCE

3.1.2 UNITS THAT DESCRIBE THE IMAGE (CONTINUED)
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C = 1CYCLE OF TARGET
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1] eo o :
-] fec = |=s SCALES BELOW BASED ON
- }=c ASSUMPTION THAT C - 2§
[T W ! Lyl tb b ] Ll gt 1 !
100 30 10 3 1 0.3 0.1
SIZE, S, ORWIDTH OF A HALF CYCLE {milliradians}

[ 1 it 11 1 1 | .| | | [ | 1
300 100 30 10 3 1 _ 0.3
SIZE, S, OR WIDTH OF A HALF CYCLE (arc minutes)

I RN ! RN ] Lttt ]
0.03 0.1 0.3 4 1 3 10 20
SPATIAL FREQUENCY lcycles, C, per mm at 250 mm)

e v bygpnbosodydsssbendigdid o 0avesensbegse i sdeboduded 0 s oosdudwsebdwebododod
0.1 0.3 1 .10 30 100
' SPATIAL FREQUENCY ({cycles, C, per degree)

Figure 3.1-9. Size Units. The dimensions conventionally
used to define the size of three kinds of targets used to
measure visual performance are illustrated here; many
more kinds of targets are included in Figure 3.1-11.

Many different sets of units can be used to characterize
the visual angle subtended by these kinds ot targets. In
this document, spatial frequency in cycles per degree is
used for cyclical targets, and size in arc minutes is used for
noncyclical targets. Following the convention used in
modulation transfer function plots, spatial frequency
increases to the right.

In order to facilitate comparisons among different sets of
visual performance data, similar scales are used wherever
possible in the figures in the remainder of Section 3.1.

3.1-9

The size of a noncyclical target, such as the diameter of a
disc or the gap in a Landolt ring, is sometimes treated as
if it is equivalent to a half cycle of a cyclical target. There
is no adequate theoretical or experimental justification
for such an association of data from these two kinds of
targets. i

However, it happens that much of the visual performance
data summarized in this document plots conveniently on
a graph in which the limits of the size axis for cyclical and
noncyclical targets correspond in just this 2 to 1 fashion.
These limits are therefore used, tut only for sake of con-
venience in plotting the data, nct because such an associa-
tion between data from the two kinds of targets has been
established. ’
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SECTION 3.1 VISUAL PERFORMANCE

3.1.2 UNITS THAT DESCRIBE THE IMAGE (CONTINUED)
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SECTION 3.1 VISUAL PERFORMANCE

3.1.2 UNITS THAT DESCRIBE THE IMAGE (CONTINUED)
( )

Figure 3.1-10. Contrast Units. When two areas close to
each ather have different luminances, the visual system
discriminates beiween them on the basis of their relative
luminances. Rulative luminance, or contrast, has been
expressed many different ways. A few of these are sum-
marized here. Equations and nomographs are also included
to simplify conversions between units.

The contrast of cyclical targets is usually given in terms of
Cpm. defined as illustrated. Some authors refer to Cp, as
contrast while others use the term modudation. 1t has been
suggested that to be strictly correct the term ’modula-
tion’’ shiould be applied only to a sinusoidal or quasi-
sinusoidal luminance distribution (Ref. 16), but this dis-
tinction is generally ignored,

Ditferent equations are given here for contrast with dark
as opposed to light targets. This follows the convention
used by most authors, which is to avoid the use of nega-
tive contrast values.

(L)

3.1-11

As this figure illustrates, the conversion from one set of
units to the other is straightforward. In order to facilitate
making comparisons among the sets of visual performance
data in the remainder of Section 3.1, only one contrast
unit, Cp, has been used wherever pussible. This is not
meant to suggest that Cp, is always the best contrast unit.

A new type of contrast unit, not plotted here, is some-
times used for special targets such as those treated in Sac-
tion 3.1.7. This is the ratio of the luminance difference to
the average scene luminance (Ref. 40). In theory this is an
excellent unit for this kind of target, Unfortunately, the
value of this contrast unit varies not just with luminance
but also with the ratio of target area to scene area, making
application to situations where this area ratio does not
hold very difficult. tf this contrazt unit is used more con-
ventional units should be reported also in order to allow
the results to be compared with other work.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.3 FACTORSIN THE MEASUREMENT OF VI_UAL PERFORMANCE

Muny different methods have been used to measure
visual performance and to describe the measurement
results. This section describes some of the more common

methods,

One important aspect of these different methods is the
kind of test turget used. Typical kinds are described in
the figuies that follow,

Another aspect is the success criterion or means used to
determine whether the target is visible. The two princi-
pal categories are as follows:

® Subjective - The target is always present. though not
necessarily visible, and the test subject decides
whether the test object, or some critical detail in it, is
visible.

® Objective — The subject is not certain of the status of
the target and must make some response, such as
stating its location or orientation to prove that he can
see it.

Figure 3.1-11. Vision Test Targets. Some of the many
targets that have been used to measure visual perform-
ance are illustrated here, along with the dimensions com-
monly used to define their size. As is discussed in Figure
3.1-9, size, S, of a noncyclical target is sometimes taken
as being equivalent to a half cycle of a cyclical target,
but there is no demonstrated basis for such a
correspondence.

Not only do the differences in shape lead to different val-
ues of visual performance for these targets, but so do dif-
ferences in the success criteria used for each. For example,
the criterion for a point target is the ability to detect it.
For a light target below a certain size, this is independent
of target size. For the two-point target, the task is to
determine if one or two points are present. The separa-
tion, S, required for the viewer to report two points
rather than one depends on his knowledge of the target.
The separation will be less if he knows that the only
possibilities are one or two points rather than if he is
simply shown a scene and told to report what is present.

For the line, the Landolt ring, and the several kinds of
cyclical (grating) targets, the criterion may be to indicate
the orientation of the target or it may simply be to
determine whether the grating is present. For the Snellen
letters the usual task is to report which letters are
present. For the vernier target the task is to align the
two lines and for stereo acuity it is usually to adjust the
two objects, typically vertical bars, until they are at the
same distance. Checkerboard targets ar: generally pre-
sented in sets of four with equal overall size but with
one of the four incorporating larger elements. The sub-
ject’s task with this target is to name which of the four
has the larger sized elements.

The situation with the Landolt ring is similar in the usual
application where the ring is known to have one of four

3.1-12

The advantage of the subjective technique is that more
data can be collected in a limited amount of time. The
relative valves obtained by a particular subject are
generally valid, but the absolute values depend heavily
on his personal definition of “visible.” Differences
between individuals are therefore large, except when
they have practiced together in order to establish similar
definitions of “visible.” Comparisons from one lubora-
tory to the next are necessarily difficult with this
technique.

The advantage of the objective technique is that it does
not depend on the subject’s personal definition of
“visible,” increasing the likelihood that different sub-
jects will give comparable results. In addition to facilitat-
ing comparisons among different studies, this makes it
easier to use the data in analyzing an imagery display.
However, performance differences among individuals can
still be lzrge, and experienced individuals will usually
perform better than naive ones.

orientations and a forced-choice procedure is used ©
which the observer must state which orientati. - .s most
likely. A practiced observer may be able t2 :v:5ie the
orientation consistently, even when the ring is much too
small to be seen as a ring and appears only as a fuzzy
blob with one side slightly vlattened.

The highest spatial frequency grating that can be seen in
a display is often referred to as the resolution, or resolv-
ing power, of the display. One of the most commonly
used gratings is the USAF tri-bar target (Ref. 17}. it
consists of a series of three-bar targets of the type iltus-
trated here, with each horizontal/vertical pair smaller by
a factor of 21/6, or about 12 percent. A basic probiem
with this type of target is that it requires the user to
judge which is the smallest set of three bars that can be
resolved. Besides the obvious problem of possible dif-
ferences in visual ability among observers, there is the
difficulty of establishing a criterion, or definition, of
resolvable. The best accepted criterion is that the space
must be visible for the entire distance between the bars.
A criterion that yields higher resolution values is that
three bars must be visible. If the tri-bar readings are to
represent the effect of display astigmatism {Section
3.4.3), an additional restriction is that both horizontal
and vertical bars must be viewed at the same focus
setting.

The variation among individual observers in tri-bar read-
ings is often large. Values in excess of two steps, or
about 26 percent, are common (Ref. 18). Training can
reduce this variation considerably, Training in this case
apparently means that the group of observers develops a
common visibility criterion, which may not be shared by
observers in a different group. |f one group is buying the
display and the other group is selling it, this difference
can lead to problems.

R




SECTION 3.1 VISUAL PERFORMANCE

3.1.3 FACTORSIN THE MEASUREMENT OF VIiSUAL PERFORMANCE {CONTINUED)
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{see Section 5.1}
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S = TARGET SIZE

L = LENGTH
w = WIDTH
c = ONE CYCLE OR PERIOD,
OR TARGET SEPARATION
a = LATERAL DISPARITY DUE TO

DIFFERENCE IN CISTANCE
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SECTION 3.1 VISUAL PERFORMANCE

L

3.1.3 FACTORS IN THE MEASUREMENT OF VISUAL PERFORMANCE (CONTINUED)

| | 1

1 i |
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6/24 (20/30}
SNELLEN ACUITY AT 6M AND (20-11) REFERENCE DISTANCES
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SMALLEST VISIBLE TARGET, S OR C/2 {arc minutes)

3 . 1 -, 03

Figure 3.1-12. Visual Acuity Units. The preferred way

i to describe the minimum size target that can be seen is

‘ in terms of the visual angle it subtends at the viewer's
eye in units such as arc minutes {Ref. 19}, Unfortunately
many other units are also in use. One is visual acuity,
which is usually defined as the reciprocal of the target
size (S or C/2 in Figure 3.1-11)} in arc minutes. One
implication of the visual acuity unit is that normal vision
corresponds to 1 arc minute. This is not generally true.

In clinical practice it is common to use the Snelien frac-
tion. This is supposed to be the ratic of the viewing dis-
tance used in the test situations to the viewing distance
at which the smallest target the patient can see subtends
an angle of 1 arc minute. The numerator of this fraction
is often taken as 20, even though the test distance is 6m,
or even 14 in, rather than 20 ft. This .nit should not be
used in vision research (Ref. 19).

LUMINANGE (L) figure.3.1-13. Comparisor'\ of Acu_itv Measures.. Thi§ )
2 ) s vigure illustrates, though with considerable oversimplifi-
104 107" 1 10 102 103 10 cation, the very large differences that exist among some
10 T T T T T T of the measures that define the ability of the eye to
resolve small targets (Ref. 20, X). Minimum separable
. 5.0 F | acuity is based on the gap size in a Landolt ring target as
‘ ‘ -shown in Figure 3.1-11. Vernier and stereo acuity are
alsu defined in Figure 3.1-11. Minimum perceptible
acuity is the smallest width dark line that can be
resolved.
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ki
2
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VISUAL PERFORMANCE
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”
3.1.3 FACTORS IN THE MEASUREMENT OF VISUAL PERFORMANCE (CONTINUED) i
e TARGET SIZE (arc minutes)
TARGE1 DESCRIPTION
DETAIL OVERALL
. DISC 39 39
Fo LANDOLT RING 40 200
L] c0B83 2.8AR 4.0 120
LINE 1.2 208
— "
4
DOT PATTERN 10 425
""“ GRATING 39 427
e PRINTED e 22 15.8 '
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U P S8 E R TEST CHART LETTERS 40 20.1 |
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o
2
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w
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[
2
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%
\ {Ref. 23, X}
0.0t} ',RG'. 24, x, - -
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Figure 3.1-14. Visual Performance with Different Tar- do not exceed a modulation ratio of 2to 1.
) get Shapes. The effect of target shape on the minimum i L.
e modulation at which nominally equal size targets are Comparison data for similar results from three other stud-
judged visible is illustrated in the three right-hand por- ies are included in the left-hand part of the figure.
tions of this figure (Ref. 21, B). Most of the differences
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SECTION 3.1 VISUAL PERFORMANCE

3.1.3 FACTORS IN THE MEASUREMENT OF VISUAL PERFORMANCE (CONTINUED) !
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Figure 3.1-15. Effect of Target Shape. it would be
useful to have a method ot describing target size that
weuld indicate whether a target should be visible regard-
less of its shape. These test data illustrate the kind of
probiem that occurs (Ref. 25, C). Subjects adjusted the
size of a single dark bar until it was barely visible, As
length-to-width ratio increased, threshold expressed as
bar width dropped sharply, but expressed as bar area, it
remained relatively constant, implying that area is the
preferable way of describing target size. Other research
suggests that area and perirneter combined provide an
even better description of target size, at least for simple
shapes such as single bars {Ref. 26). Unfortunately, this
approach has not yet been successfully applied to the
more complex target shapes involved in image
interpretation,
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SECTION 3.1 VISUAL PERFORMANCE

'3.1.4 NONCYCLICAL TARGETS

This section summarizes selected visual performance
data for two common types of nonevclicad targets.

1.0 pv T T 12000 5 20 S M | T T Ty
LIGHT DISC TARGET 3
t 4 TRAINED SUBJECTS 4 ]
0.3-SECOND =XPOSURE ,,6 -
260-cd/m2 (75-tL) BACK SROUND V4
i:
2 o1k .
e - E
2 ]
- - -
2 . J
o
o e -
e
5 0.01L p
% EFEo99-w—- 3
- " 090 =="~ p
- 050 4
0.001% i NI W | BTTWE T S T - | TSI .
300 100 30 10 3 1 .03
~-  TARGET SIZE (arc minutes)

3.1-17

Figure 3.1-16. Contrast Sensitivity for Disc Targets of
Ditferent Sizes. In the study summarized here, highly
trained subjects were required to state which of four
time intervals was most likely to have comained a light
disc target {Ref.27, B). Exact target location was known.
The evenly illuminated background was very large. View-
ing was binocular. The three curves represent different
values of P, which is the probability of target detection.
corrected for chance,

Additiona! data from this lab summarized in Figures
3.1-42 and 3.2-30 illustrate how targat detection success
improves with increased target exposure time and with
background 'uminance. .

Nearly 50C,000 contrast threshold measurements have
been made using this experimental procedure. There is
no known report of variability in perforraance either
within or between subjects {(Ref. 28). Such infornia-
tion is important when estimating the significance of
the visual performance change that results from a
variation in viewing conditions. At present, the only
available variability data are those summarized in
Figure 3.1-17.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.4 NONCYCLICAL TARGETS (CONTINUED)

Figure 3.1-17. Variability in Contrast Sensitivity for |
Disc Targets. Three studies, identified here as A, B, and

- C, provide the very limited data available on variations in

31 UNTRAINED SUBJECTS contrast thresholds for viewing situations such as those

B , 7070 100 SUBJECTS represented in Figures 3.1-16, 3.1-19, and 3.2-30.
!
'

o

T | SAJS 10 0 St Ty TYrrv—r

Ai==== . 4TRAINED SUBJECTS

NEVUIGIGUIVVRIIPIIT SO, SRR NS

All the results summarized here illustrate the threshold
1 range for approximately the middle 90 percent of the
population. In addition, they all are based in part on
curves fit visually to the data, and they all include both
! between subject and within subject variation. The varia-
' ticn between subjects is usually much larger than the

] variation within a single subject. All three studies

¢ involved binocular viewing.

0 _
‘ F In study A, contrast was increased until the subject

PO | [ could state the location of a square dot target, or the
orientation of a Landolt ring (Ref. 29,C). Because the
differences were small, data for the two target shapes,
and for both light and dark targets, were combined. The
0.001} | TP S VPP N Liess o background subtended 17 degrees and, for the data

300 100 30 10 3 1 0.. shown here, had a luminance of 4 cd/m2 (1.2 fL). These
l are the data used to obtain the population range esti-

= 50 SUBJECTS

©
-
—rr

A nneveennas

o THRESHOLD CONTRAST, Cp,

TARGET SIZE (arc minutes} mate shown by the two broken curves in Figure 3.1-19.

In studies B and C, the target was a light 4-arc-minute

disc that appeared for 0.2 second in a known location

and at a known time in a large 340-cd/m2 (100-fL) dis-

play field. Hence, these conditions are very similar to

those in Figure 3.1-16. In study B, which was conducted

in the same lab as the study in Figure 3.1-16, the subject

adjusted tne luminance of the disc to the point where it H
was barely visible {Ref. 30,C). In study C, the luminance :
of the disc was increased by the experimenter until the

subject reported that he saw the target (Ref. 31,C).

Neither study included trials in which the validity of the

subject’s responses was checked by presenting a disc of

2ero contrast.

E e N 4 Ly O A LV

These three studies all suggest that contrast sensitivity
between and within subjects will vary by a ratio of at
least 2.5 to 1. It is also striking that for the two studies
conducted in the same lab, study B and the study sum-
SARK LANDOLT RING marized in Figure 3.1-16, the Iozlvest contrast at &/hich

SUBJECTS N s . N

2 : any of the subjects in study B considered the disc barely

140-cd/m® (40-fL.) BACKGROUND visible yielded a 90- to 99-percent chance of detection
3-mm PUPIL; when the subjects were forced to guess when the target
MONOCULAR VIEWING occurred.

1.0 T LARA I S B0 i § T AALERNLER SN | L) LLALE AR Al

3 T T A s 3 75 TN e g O 3 g e oot o

'\»/,-"
e

Iy o T, ST T AT TR TN S g e e i TS oy e
> - e o searwy

LERLELEA]
A2 L aa14)

L
i

s

m
o
-

P:
06 08

rrryrimg

L. 3 1 201t

o
o
=
T rrrmmr

TARGET CONTRAST, C

Figure 3.1-18. Visual Performance Measured with
Landolt Rings (Ref. 31a, B). In this study, Landolt rings
were displayed to subjects at six different modulations,
and the minimum detectable gap size was measured. P is
0001l mear e 0 4 gaag g TR the probability of naming the orientation of the gap,
300 100 30 10 3 1 03 corrected for chance. The axes of the graph are the same )
as in the previous figures in order to facilitate
comparisons.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.5 CYCLICAL TARGETS

This section summarizes the best availuble visual per-
tormance data for cvelical wargets.

OBJECT-PLANE SPATIAL FREQUENCY (cycles/mm at 1X or 250 mm) %
0.03 0.1 1 10 20 {
LB LRI EAS T T T TP yrTrr T 1 1T T 7T TyT T ;
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® FIELD SIZE AT LEASTS® - 1
-
01} 3 - i
£ : . |
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z z bd
Q L <4 O = =]
(3] O Q
-1 p
001 4 - .
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- 90% OF .
- FOPULATION 4 Som 54 0.01
L 4 3 3
8 4 d o ;
0.001 et bl LA LLL oo L L 1AL 4 bk A bl J 0.002 I 0.002
0.1 1 10 100
SPATIAL FREQUENCY (cycles/degree)
Figure 3.1-19. An Average Contrast Sensitivity Curve In order to provide a better basis for making compari-

for the Eye. This curve, sometimes referred to as the J
Curve, is the best currently available summary ot the
ability of the eye to resolve cyclical targets in terms of
both contrast and spatial frequency (Ref. 32). Itisa
very approximate visual fit to the better visual perform-
ance data summarized in Figures 3.1-20 through -28. As
many of the figures in Sections 3.1 and 3.2 illustrate,
there are many factors that can prevent achieving this
performance level, particularly in the region below a
modulation value of 0.01.

sons among different sets of visual performance data,
the “population limits’”” portion of this curve is included ,
wherever possible in other figures in this document. i

The population pc-formance range illustrated is derived
from the only known study in which visual performance
was measured in terms of both target size and modula-
tion for a large group of subjects (Ref. 29, C). The target
used in this study was a disc, rather than a grating. The
test results are summarized in Figure 3.1-17.
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o SECTION 3.1 VISUAL PERFORMANCE

3.1.5 CYCLICAL TARGETS (CONTINUED)

GBJECT-PLANE SPATIAL FREQUENCY
{cycles/mm 4t 1X or 250 mm)

003 01 03 1 3 10 20

rerrrTYn - YT LSRR R T

SIZE OF 172 CYC'.E turc nunutes)

Figure 3.1-20. Contrast Sensitivity (Ref. 33,8).
The test conditions were:

® Sinusoidal grating; vertical or horizontal
® Up to 17-degree-wide by 11-degree-high field (mini-
mum of 10 cycles)

300 100 30 10 3 1 0.3 ® Incandescent illumination
10 T e e : ® 10 cd/m? (3 fL)
< ® Surround not defined
1
\ s , = ?g&‘gﬁggg ] 9 Binocular viewing
- 2 03 : ) ® Criterion — Subject had to state orientation,
i ) ® Two subjects
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Figure 3.1-21. Contrast Sensitivi . 34,C).
OBJECT-PLANE SPATIAL FREQUENCY Thge st oonditions were§ sitivity (Ref. 34,C)
{cycles/mm at 1X or 250 mmi .
r owosv T vvr?;1 T 013 ™ vrrrl T 3 T rYTV]Io 2?‘ ® Vertical sinusoidal grating
® 4.degree-wide by 2 degree-high field
SIZE OF 1/2 CYCLE (arc minutes) € CRT display
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SECTION 3.1 VISUAL PERFORMANCE

3.1.5 CYCLICAL TARGETS (CONTINUED)

T AR : N

_ Figure 3.1-22. Contrast Sensitivity at Different
OBJECT-PLANE SPATIAL FREQUENCY Luminances(Ref. 35,B). The test conditions were:
{cycles/mm at 1X or 250 mm)
D03 o1 03 ——— 10 20 ® Square-wave 2-bar Cobb target; dark bars
T ® Incandescent illumination |
S!1ZE OF 1/2 CYCLE larc minutes) ® Luminance shown on figure ; .
300 190 30 10 3 ! 03 ® Binocular viewing
1.0 v YTy pr—r—r Ty ® 0.17-second exposure time
3 ® Criterion — Subject stated target orientation; curves
r = RANGE FOR 1 show probability of right minus probability of wrong i
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Figure 3.1-23. Contrast Sensitivity at Different !
OBJECT-PLANE SPATIAL FREQUENCY Luminances (Ref. 36,C). The test conditions were: i
{cycles/mm at 1X or 250 mm) |
UL L N S E— ® Sinusoidal grating
® 2.degree-diameter field ¢
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) . " . - Y
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SECTION 3.1 VISUAL PERFORMANCE

3.1.5 CYCLICAL TARGETS (CONTINUED)

Figure 3.1-24. Contrast Sensitivity at Different
OBJECT-PLANE SPATIAL FREQUENCY Luminances (Ref. 37,C). The test conditions were:
feycles/mm at 1X or 250 mm)
003 0.i 0.3 1 3 10 20 ® Sinusoidal grating
: AN A ® 4.5-degree-wide by 8.2-degree-high field
. SIZE OF 1/2 CYCLE (arc minutes) ® Monochromatic green illumination, 525 nm
30 w0 0 o 3 1 03 ® Luminance varied; see figure labeling [the luminances
1.0 e Y A required to produce the test conditions with a natural
» f RETINAL ILLUMINANCE ’ l j pupil, in cd/m?2 and (fL) are: D-0.5(0.15), E~6(1.8), -
; [ (trolands--see Figure 3.2-14) ble 1 F—1C0(30) and 1200(350) N .
i 03 * A - 0.009 ) ® Dark surround
~f B-009 @ Single eye, 2-mm pupil, projected into eye
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i o1l € - 90 3 o gtwhich grating was just perceptible.
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Figure 3.1-25. Contrast Sensitivity at Different
OBJECT-PLANE SPATIAL FREQUENCY Luminances and Field Sizes (Ref. 38,C). The test condi-
i {cycles/mm at 1X or 250 mm) tions were:
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SECTION 3.1 VISUAL PERFORMANCE

3.1.5 CYCLICAL TARGETS (CONTINUED)

OBJECT-PLANE SPATIAL FREQUENCY
{cycles/mm at 1X or 250 min)
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Figurs 3.1-26. Contrast Sensitivity for Monocular
and Binocular Viewing (Ref. 39,C). The test conditions
were:

Sinusoidal grating

2- by 1.3-degree field
CRT dis%lay
80 cd/m# (25 fL)

12-degree equiluminous surround

2.8-mm pupil; accommodation fixed with atropine
Criterion — Subject adjusted contrast to just
re:olve grating.

One subject

The ratio of the monocular to binocular threshold moduia-
tion was approximately 1.414.

To evaluate the impact of using a display that would split
the illumination between the two eyes, the contrast sensi-
tivity for one eye was measured at two illumination levels
and a single spatial frequency, 30 cycles/degree. The con-
trast threshold at 40 cd/m# was 1.17 times the threshold

at 80 cd/m¢<, indicating that binocular viewing is advanta-
geous even if the illumination is limited.



SECTION 3.1 VISUAL PERFORMANCE

3.1.5 CYCLICAL TARGETS (CONTINUED)

" Figure 3.1-27. Sine-Wave and Square-Wave Contrast
OBJECT-PLANE SPATIAL FREQUENCY Sensitivity (Ref. 40,B8). The test conditions were:
{cyctes/mm at 1X or 250/mm) ‘
003 0.1 0.3 1 3 10 2 ® Sinuscidal and square-wave gratings (see figure labeling}
P —TTTTTYYY T "I Ty T TTrTYIYY Y € 6‘by 6‘degr99 field
SIZE OF 1/2 CYCLE (arc minutes) ¢ lncandesgent illumination
00 100 30 10 3 1 03 ® 70 cd/m“ (2C fL) ) "
1.0 [T R e T T PR T e e e P N ® Equiluminous surround; size not specified
4 3 ® Binocular viewing
9 VIEWING DISTANCE 3] ® Criterion — Contrast reduced until subject reported
i 0.89m (35 in.) 1 grating disappeared.
03} 1 ® Probably one subject
r -
Contrast sensitivity for the two kinds of gratings is very
01} / 1 similar except at spatial frequencies below 2 cycles/degree,
UE 3 / 3 where the sinusoidal grating is less visible than tne square-
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SECTION 3.1 VISUAL PERFORMANCE

3.1.5 CYCLICAL TARSETS (CONTINUED)

Figure 3.1-28. Sine-Wave and Square-Wave Contrast
OBJECT-PLANE SPATIAL FREQUENCY Sansitivity (Ref. 41,B). The test conditions were:
{cvcles/mm at 1X or 250 mm)
0.03 0.1 0.3 1 3 1020 ® Sinusoidal or square-wave grating, switched on and off
F yvorrorrryer Al T rarer v LA A RALS L
at 0.5 Hz
SI1ZE& OF 1/2 CYCLE (arc minutes) ® 10- by 70-degree field
30 o 3 0 3 103 ® Two viewing distances, 2.8m and 0.6m (9 ft and 2 ft)
1.0 MMM Yy T ] used to obtain an adequate spatial frequency range
b ] ® White CRT display
[ 1 ® 500 cd/m4 (145 fL)
03k ® 30-degree equiluminous surround
| // ] ® One-eye viewing; 2.5-mm pupil; atropine used to fix
accommodation
01 @ Criterion—-Subject adjusted contrast so that grating
£ / : was barely visible.
© 3 ® Two subjects
e | ]
g003p SINUSOIDAL // 1 As in the previous figure, contrast sensitivity for sinu-
= s GRATING 4 scidal and square-wave gratings is very similar except at
cz) spatial frequencies below a few cycles per degree, where
o001} : the sinusoidal grating is relatively less visible.
E ]
} SQUARE. )
0.003 } WAVE \\ 4
| GRATING N\ ]
0.001 NS WUV S G W YTy NPy
0.1 0.3 1 3 10 30 100
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SECTION 3.1 VISUAL PERFORMANCE

3.1.6 NUMBER OF TARGET CYCLES VISIBLE

Several studies demonstrate that if the number of cycles to establish what the critical number of cycles is, but 10
visible in a target is less than some critical number, visual is certainly a safe value.
performance is reduced. The data are not yet adequate

{ Figure 3.1-29. Effect of Field Size (Ref. 41,C). in this
" OBJECT-PLANE SPATIAL FREQUENCY study, the number of target cycles visible was controtied
{eycies/mm at 1X or 250 mm) by fixing the size of the field. These data came from the
0.03 01 0.3 1 3 10 20 same study as the data in Figure 3.1-28. The test condi-
Y YYY A voreeyery L4 L I'l."‘l' L] tions were:
SIZE OF 1/2 CYCLE {arc minutes)
300 100 30 10 3 1 0.2 ® Sinusoidal grating switched on and off at 0.5 Hz
: X1 ) UMSRREILAGLA S0 S AL A0 .40 S SRS .S ® Square field; size on figure
; 3 ® White CRT display
s 1 ® 500 cd/m (145 fL)
1 1 ® 30-degree equiluminous surround
0.3r / ] ® One-eye viewing; 2.5-mm pupil; atropine used to fixed
g / 1 accommodation 4
01 ‘ / @ Criterion — Subject adjusted contrast so that grating
PR FIELD 7 7 E was barely visible.
) ! SIZE / ,/ “ ® One subject
5 L {degrees): / / J
a 0.03} 4
= S p
2
<]
< 0.01 3 4
E ]
‘ 3
0.003¢ 4
L A
0.001 Arpomashdindodund e deomdvashednedudedad b, A Adehd
0.1 0.3 1 3 10 30 100
. SPATIAL FREQUENCY (cycles/degree)
i
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SECTION 3.1 VISUAL PERFORMANCE

3.1.6 NUMBER OF TARGET CYCLES3 VISIBLE {CONTINUED)
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Figure 3.1-30. Relative Effuct of Number of Cycles and
Spatial Frequency (Ref. 42,C). These graphs illustrate
test data averaged over two subjects and four test condi-
tions, as follows:

Vertical sinusoidal grating

Three field sizes, as shown

CAT display

9.3 cd/m< (2.7 fL}

Dark surround in conditions B and D; equiluminous
surround in A and C

Monocular viewing with natural pupil

Criterion—In conditions A and B, the subject switched
manually between the grating and a uniformly lumi-
nous display and adjusted the grating contrast to the
minimum value that could be distinguished from the
uniform field. In conditions C and D, the subject
switched between the test grating and a standard grat-
ing that had a contrast, C, of 0.1 and filled the field
with 1.5 cycles. In this case, he adjusted the test grat-
ing contrast until it was subjectively equa! to the con-
trast of the standard grating.

Because the data shown here were averaged over four very
different sets of test conditions, they cannot be compared
on an absolute ba-is with other studies. Separate contrast
sensitivity curves for the four test conditions were
reported for one of the two subjects. These were very
similar in shape to each other, and to the curves shown
here, but were shifted vertically so that the lowest con-
trast, Cm, values were as follows:

A - 0.01
B - 002
C - 003
D -~ 0.02

The two graphs show contrast sensitivity first as a func-
tion of spatial frequency and then as a function of the
number of cycles present. The curves for the three field
sizes appear to fall close together in the high spatial fre-
quency region in the first graph, and in the low number of
cycles ragion of the second. This suggests that although at
high spatial frequencies it is the spatial frequency that
determines visibility, when less than about 3 cycles of the
target are present, visibility becomes highly dependent on
the nu~ ber of cycles. Interpretation of these data is
complicated by the fact that the target was switched on
and off, making it similar to a fli:ker task.

Figure 3.1-31. Effect of Number of Cycles in Target
{Ref. 43,B). Two test subjects were used to measure the
minimum contrast, Cm, at which a vertically oriented
sinusoidal grating containing a variable number of cycles
was visible. The grating was displayed on a CRT and had
a minimum height of 1 degree. Spatial frequency values
of 2 to 7 cycles/degree are included in the upper curve and
1 to 5 cycles per degree in the lower curve. According to
the report, contrast threshold did not vary with spatial
frequency over this frequency range. Performance did
vary with the number of cycles visible, reaching a maxi-
n :m somewhere between 5 and 10 cycles.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.6 NUMBER OF TARGET CYCLES VISIBLE {CONTINUEDI

OBJECT-PLANE SPATIAL FREQUENCY
{cycles/mm at tX or 260 mm)
0.03 01 03 1 3 10 20
s o T rvyYey LRSS AL o Ll L LA SALS v
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Figure 3.1-32. Effect of Number of Cycles in Target
(Ref. 44,C). in this study, the target consisted of either
two bars or a row of bars that filled the 9-degree display
field. The other test conditions were:

® Square-wave grating containing light bars 3.8 degrees
long, oriented 45 degrees left or right of horizontal

® 32.cd/m? (9-1L) background

® 0.5-second exposure

® Criterion — Subject said he could see the bars on half
the trials.

® One subject

Figure 3.1-33. Effect of Number of Cycles in Target
(Ref. 45,D). in this study, an 18-cycle sinusoidal grating
was displayed on a CRT, and the number of grating cycles
was varied with a mask. Viewing distance was not con-
trolied, and the scene luminance and number of test sub-
jects were not reported. Visibility was measured in terms
of the signal-to-noise ratio required to obtain consistent
reports from the subjects that the target was visible.

-.....~--__

N [T e e e

R .

-{
0.02 .
% 3 0 5 20 )
CYCLES VISIBLE THROUGH MASK
3.1-28
S et s, e oA o s ot e ot v .




SECTION 3.1 VISUAL PERFURMANCE

3.1.7 SPECIAL TARGET SHAPES

Although the targets used in the experiments described
in Sections 3.1.3 through 3.1.6 have considerable appli-
cation in the theoretical anatysis and testing of imagery
displays. objects with a luminance distribution exactly

— Lmax
GRATING /\/V\ .

— Lmn

— Lniax
EDGE __f_

— Lvin

OBJECT-PLANE SPATIAL FREQUENCY
(cycles/mm at 1X or 250 mm)

0.03 0.1 0.3 1 3 10 20
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= L ' 4
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like any of these targets are rarely encountered by the
display user. Several recent studies utilizing targets muen
more similar to the edges that an imagery display user
might actually be viewing are summarized here.

Figure 3.1-34. Effect of Target Shaps (Ref. 46,C). The
test conditions were:

Vertically oriented sinusoidal grating or edge.
2.9-degree-wide by 1.4-degree-high field
Incandescent ilumination

75 cd/m? (22 fL)

Large equiluminous surround

Single eye viewing; artificial pupil, size not reported,
projected into eye

Criterion ~ Subject adjusted contrast until target
was barely visible.

One subject

The spatial frequency of the edge target was taken as the
spatial frequency of a grating with an equal fuminance
gradient. The upper illustration shows, to scale, the
fuminance distribution of two targets with numerically
equal contrast and spatial frequency.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.7 SPECIAL TARGEY SHAPES (CONTINUED)
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Figure 3.1-35. Effect of Target Shape {Ref. 47,C). The
test conditions were:

® Vertical sinusoidal grating containing 0.5, 1.0, or mul-
tiple cycles; luminance aistribution is illustrated;
pattern was switched on and off at 05Hz
1-degree-diameter field

CRT display

Luminance not specified

% by S-degree equiluminous white surround
Binocular viewing '

Criterion-Subject adjusted contrast to make pattern
barely visible; results were the same for 50-percent
probability of seeing measured objectively at selected
spatial frequencies.

® Three subjects

Unfortunately this report does not include a clear state-
ment of how the contrast of each type of target was cal-
culated. The upper iltustration, which is drawn to scale,
shows the most likely relative luminance distribution for
the three types of targets when they have numerically
equal contrast and spatial frequency.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.7 SPECIAL TARGET SHAPES (CONTINUED)
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Figure 3.1.36. Effect of Target Shape (Ref. 48,C). The
test conditions were:

® Dark vertical ba: with a rectangular or Gaussian lumi-
nance distrioution {Ref. 49)

5.5-degree-diameter field

CRT display

100 cd/m# (30 fL)

Surround not reported

Binocular viewing

Criterion — Subject adjusted contrast to make bar
barcly visible.

Two subjects; figure illustrates an approximate visual
fit to the data.

The upper illustration, which is drawn to scale, shows the
relative luminance distribution of the two targets when
they have numerically equal contrast and spatial fre-
quency. Contrast is defined here as the luminance differ-
ence across the target divided by twice the luminance
averaged over the entire display fie!d. When the contiast
is low and the bar fills only a small portion of the display,
contrast is approximately equal to Cp, as used elsewhere
in this document. An exact conversion to contrast units
used by other authors is very difficult (Ref. 50).
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SECTION 3.1 VISUAL PERFORMANCE

3.1.8 TARGET ORIENTATION

A number of studies have demonstrated that targets
to the

oriented  horizontally  or  vertically  relative
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observer are easier to see than targets oriented obliquely

(Ref. 50). Two typical studies are summarized here.

Figure 3.7-37. Contrast Sensitivity as a Function of
Target Orientation (Ref. 52,B). Test conditions were:

@ Sinusoidal grating

® CRT display

® Single eye viewing; 2.8-mm pupil
®

[ J

Criterion - Subject adjusted contrasi to threshold level.

Three subjects

Figure 3.1-38. Minimum Visibie Size {(Ref. 53,B). The
test conditions were:

Square-wave grating filling display field
4-degree-diameter field
tncandescent illumination

ing a 7-cd/m2 or 2-fL surface with a natural pupil)
Single eye viewing; pupil projected into eye

rectly report the grating orientation
® Two subjects

Retinal illuminance of 100 trolands {equivalent to view-

Criterion — minimum size at which subject coul!d cor-
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SECTION 3.1 VISUAL PERFORMANCE

3.1.9 VISUAL PERFORMANCF AND EYE PUPIL SIZE

A vital part of the analysis of an imagery display
depends on the relationship between visual performance
and eye pupil size. (See Section 3.3.) When the eye pupil
is small, vision is limited by diffraction offects, and when
the pupil is large, it is limited by the optical quality of
the eyc and the capability of the retina. The most useful
data on this topic are summarized below. Considering
the importance of this relationship to the design of
displays optimally matched to the eye, there is surpris-
ingly little test data available.

In the unalysis of an opticat display, visual performance
as a function of pupil size is usually expressed as the

of the pupil. This unit is known as specific resolution or
as the coefficient of specific resolution.

Visual performance varies both with pupil size, as is
illustrated here, and with scence illumination, a topic that
is reviewed in Section 3.2. As scene luminance decreases,
pupil size increases, thereby partially compensating for
the reduction in available light. There is a very small
amount of evidence that the nonnal variation in pupil
size with illumination follows a function that yields the
best compromise between the amount of light reaching
the retina and the aperture effect of the pupil, thereby
resulting in the best possible vision at any scene

——— ey e e e =2

sraallest resolvable target size multiplied by the diameter luminance level (Ref. 54,D). l
25 T T T T T OBJECT-PLANE SPATIAL FREQUENCY }
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3 Figure 3.1-39. Visual Performance in Terms of Target
2 Size and Contrast (Ref. 55,C). This is the only known
g 10 study in which visual performance was measured with
o such a wide range of pupil sizes and with targets that
o varied in both modulation and size. Although it is im-
2 s possible to be certain, the data summarized here are
) apparently based on three test subjects. The test
oy target was a square-wave grating with a slight curve to
( ) o A A L N L the bars, Luminance was 1,500 cd/m2 (430 fL). The
- 4] 1 2 3 4 5 3] pupil was a metal aperture placed in front of the eye.
PUPIL DIAMETER (mm) The target surround was dark, which probably reduced
performance (Section 3.2 12).
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SECTION 3.1 VISUAL PERFORMANCE

3.1.9 VISUAL PERFORMANCE AND EYE PUPIL SIZE (CONTINUED)

Figure 3.1-40. Visual Performance in Terms of Target

g 3 Size. The two studies summarized here used high-
S | ! ! ' v 1 contrast test targets. The relative effect of pupil size on
g s vision was nearly identical in the two studies here, and in
0% L \ two others that used comparable test conditions but less .
w [ (Ret. 57) ] adequate control of the amount of light that reached the )
g g ‘\t\_* . —e retina with different pupil sizes { Ref. 56). '
>SS -~ - ey . .
-E (Ref. 58) The test conditions for the study summarized in the upper
o ) curve in each figure were (Ref. 57,8):
37 i
; 00 'L ; :,‘L ; 5 P ® Two light bars {Cobb target) with a square-wave lumi-
7] nance distribution
PUPIL DIAMETER (mm) ® Incandescent illumination
10r- 1 T I T T ® Retinal illuminance of 150 troland« (equivalent to view-
ing a 10-cd/m? or 3-fL surface with a natural pupil)
® Metal pupil 15 mm in front of eye pupil
8 _ ® Criterion — Subject adjusted target size to make bar

separation just visible.
® Three subjects

The test conditions for the study summarized in the lower
curve in each figure were (Ref. 58,B):

o
-0

'A

SPECIFIC RESOLUTION
{mm ar¢ minutes/cycle)

aH »” (Ref.58) - ® Square-wave g.ating filling display field
® 4.degree-diameter field
® incandescent illumination
2 - ® Retinal illuminance of 1,000 troiands (equivalent to
viewing a 110-cd;m? or L2-fL surface with a natural
pupil)
ol 1 L 4 L L. ® Surround probably dark ‘
0 1 2 3 4 5 6 ® Sirgle eye viewing; pupil projected into eva }
PUPIL DIAMETER {mm) ® Criterion - minimum size at which the subi:ct could :
ccrrectly report the grating orientation
® Two subjects, except only one for the largest pupil
OBJECT-PLANE SPATIAL FREQUENCY condition {indicated with a dashed line)
teycles/mm at 1X or 250/mm) ’
0.03 0.1 0.3 1 3 0 20 A luminance levet 10 times lower reduced performance
AR ALAA AL AL v but had little if any impact on the relationship between
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4 z 4 o P ,/ 4 ® 2. by 1.3-degree field
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i 0003} . e 1 ® 100 cd/m< (30 fL)
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™ see Figure 3.1-19, PP o s
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SECTION 3.1 VISUAL PERFORMANCE

3.1.10 FACTORS THAT REDUCE VISUAL PERFORMANCE

\SNH\WN

CAUTION: The data in Sections 3.1.4 through 3.1.9 may overestimate visual ability in applied situations.

Most of the data presented in Sections 3.1.4 through
3.1.9 were collected under ideal luboratory conditions.
That is, the background was uniformly luminous, the
subjects were familiar with the appearance of the target
and knew where and when it would appear, and viewing
time was wually not severely restricted. lmagery viewing
conditions are sefdom so favorable, and the minimum
target size or contrast that can be seen, the time required
to perform a visual task, or the number of targets missed
are accordingly ircreased. This section lists a few of the
factors that can cause such an increase and summarizes
the available test data. The total reduction in vision
associsted with a particular set of viewing conditions,
relative to vision under ideal conditions, is sometimes
referred 1o as the field factor (Ref. 60).

The following viewing conditions and situations genei-
ally result in, or at least are asscciated with, a reduction
n visual ability:

® Reduction in luminance -Typical reductions in visual
ability with a reduction in luminance are shown in
Figure 3.1-42 and in several figures in Sections 3.1.6
and 3.2.6.

® Reduction in time available to ook at or search for
the target- One study showing the reduction in visual
ability with reduced target exposure time is summa-
rized in Figure 3.1-42, The impact of time on this
kind o/ very simple visual task is likely to be
considerably fess than in a complex imagery search
situation. Figure 3.5-2 shows representative data for
search performance as a function of time.

® Introduction of a nonuniform background -1f the
luminance in the area around the target is not
uniform, the target will be more difficult to see; if a
search task is involved, the target will be more
difficult to find. Unfortunately there are no known
data that provide a direct comparison between visual
thresholds for uniform and nonuniform backgrounds.
However, Figures 3.1-44, 45, and -46 below provide
limited information about visual performance with a
nonuniform background, as does Reference 62. The

reduction in search performance with a nonuniform
buckground is at least partiatly due to the fact that
time is lost looking at objects vistally similar to the
target being sought (Ref, 63).

Introduction of noise Noise, such as grain in a
photograph or electronic noise in an electro-optical
display, creates a nonuniform background, and in
addition can obscure the target directly. The effects
of noise in electro-optical displays sre covered in
Section 4.3.3.

Lack of experience with the viewing situation--
Subjects required to state whether or not a disc target
was visible required 2.0 times as much contrast on
initial trials as they required when experienced (Ref.
63,X). Unfortunately the author of this statement did
not indicate in the report of his follow-on research,
summarized as study B in Figure 3.1-17, whether the
subjects in the latter study fell into the experienced
or inexperienced category.

Lack of knowledge about the target shape and
orientation—In the study summarized in Figure 3.5-3,
subjects were more successful in locating a target

“when they knew its orientation than when they did

not. Orientation information would probably be less
important for extremely familiar objects. Familiar
chjects should also be easier to find. or visible at
lower contrasts, than unfamiliar ones. There is some
discussion cf this in Figure 3.1-11,

Reductior in information about when a target will
appear~ Elimination of the signal warning that a
target was about to appear in a study, such as
described in Figures 4.2-17 and -42. increased the
contrast threshold by a factor of 1.4 (Ref. 64.D).

Displacement of the target from the fixation point--
As Figures 3.5-10, -11, and -I2 iliustrate, visual
ability in the peripheral visual field is worse than at
the fixation point. Contrast thresholds for disc targets
1.5 degrees fiom the fixation point were 2.6 times
the value at the fixation point in a study similar to

e s =

3.1-35
{2-76)

ot L ot 2565 0 Moo ecai ekt

- s i ot B s e s i b o L .
~ . . ) il o o S " e,

."/ ’(
e A . i



SECTION 3.1 VISUAL PERFORMANCE

3.1.10 FACTORS THAT REDUCE VISUAL PERFORMANCE (CONTINUED)

® Redcction in the reward for a correct response,
relative to the penalty for reporting the wrong object
as a target~The probability that a particular object
that looks sort of like a target will be reported us a
target depends heavily on the relative values of the
rewards and penalties for making a correct or
incorrect report of a target, or for missing a target.
For example, if all correct responses are rewarded and
there is no penalty for wrong responses, the subject
will be more likely to guess and hence will have a
lower threshold than if he is penalized for reporting
objects that are nct targets. Because each individual
assigns different relative values to tangible things, like
money, and to intangible things like criticism or the
knowledge that a particular test response was correct,
these rewards and penalties are never fully under the
control of the experimenter or employer. In simpie
experimental situations, it is sometimes possible to
reduce the impact of this variable on the results by
forcing the test subject to make a choice between
several alternatives. For example, in the study in
Figure 3.1-16, the subjects had to choose which of
four time intzrvals contained a target, while in studies
B and C in Figure 3.1-17, they judged when the target

those described in Figures 3.1-16 and 42 (Ref. 65.X).
At 20 from the fixation point, the increase was 4

" times the value at the fixation point. (These data are
probably from the study illustrated in the upper
graph of Figure 3.5-12.)

@ Reduction in the information about target location -
In most of the experiments described previously in
Section 3.1, the subjects knew the exact location of
the target. Contrast thresholds increased by a factor
of 1.3 when the disc target appeared 3 to 4 degrees
on either side of the fixation point in studies such as
those summarized in Figures 3.1-16 and 42 (Ref.
-64,X). Target exposure duration in this study was not
reported, but it must have had an effect on the
results. Additional studies on this topic in which
visual search was involved are summarized in Figures
3.1-43 and 44 below.

® Reduction of the rate at which targets appear—
Presenting disc targets in a situation like thai
described in Figures 3.1-16 and -42 at an average rate
of one per 15 minutes, rather than one per 10 to 30
seconds, increased contrast thresholds 1.2 times (Ref.
64,D). An extremely low target rate makes the visual was visible.
task a vigilance task as well. The many factors that
affect vigilance have been extensively studied (Ref.
66). The rate at which new targets are found in most
imagery search situations is very low.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.10 FACTORS THAT REDUCE VISUAL PERFORMANCE (CONTINUED)
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Figure 3.1-42. Effect of Luminance and Time on Con-
trast Sensitivity. In this study, which is from the same lab
as Figure 3.1-16, subjects attempted to determine which
of four time intervals contained a luminous disc of the
indicated size and duration {Ref. 67,B). Performance was
worse at fower background luminances {Section 3.2.6}
and with shorter target exposure durations.

The data shown here are probably based on a success
probability, corrected for chance, of 0.5. However, this is
not certain fram the available reports.
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3.1.10 FACTORS THAT REDUCE VISUAL PERFORMANCE (CONTINUED)
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Figure 3.1-43. Contrast Sensitivity in a Search Situa-

tion. In this study, subjects searched a 32-degree-diameter
field with a uniform luminance of 42 cd/m2 (12.4 fL) for
asingle 13-arc-minute-diameter light circular disc {Ref.
68,C). As part (a) illustrates, the higher contrast discs
were found rapidly, while an appreciable number of

lower contrast discs had still not been found after 30
seconds of searching. The vertical scale in this figure
matches a complex probability function and has no
100-percent value.

In part (b}, the disc size and contrasts are shown on the
same coordinate system used in Figure 3.1-16. The
study described in that figure used a similar disc target,
but the subjects knew exactly where it would appear
and only had to decide within which of four time
intervals it occuried. In the study described here, the
requirement to search for the target disc made the disc
much harder to find. Other data from this study, not
illustrated here, showed that increasing the size of the
field, or decreasing its luminance, also made the disc
more difficult to find.

Figure 3.1-44. Effect of Background Clutter. In this
study, subjects searched for a single dark Landolt ring
located in a uniform density area of at least a degree or so
in a photograph of an aerial map (Ref, 69,X). The overall
diameter of the ring was 10 arc minutes. The subjects
were not required to state the ring orientation. The illumi-
nation on the photograph was nominally 1200 fux (110
footcandles). The density variations in the photograph
were not constant across different ring contrast condi-
tions, since lower ring contrasts were obtained by com-
pressing the total density range. This should have made
the lower zontrast rings easier to find than if the full range
of densities had been retained. The search area was 27
degrees square,

In order to simplify the comparison of these data with the
resuits of other studies. success in finding each size and
contrast target with 120 seconds of search is shown here
on the same coordinates used in Figure 3.1-16. Most tar-
get rings were located in much less than 120 seconds. The
report does not make it clear whether search was allowed
to continue beyond 120 seconds.

The data shown in this figure are the same as the iree-
search condition in Figure 5.4-2.
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SECTION 3.1 VISUAL PERFORMANCE

3.1.10 FACTORS THAT REDUCE VISUAL PERFORMANCE {CONTINUED)
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AEPORTED VISIBLE 50 PERCENT OF TIME =0.017

CONTRAST (Cm) REQUIRED TO DETERMINE ORIEN-

TATION 50 PERCENT BETTER THAN CHANCE = 0.029

Figure 3.1-45. Forced Search in Background Clutter.
This figure is based on the same general test conditions as
Figure 3.1-44, except that the 27-degree-square test field

. was broken into 144 2.3-degree squares and the subject

was given 0.65 second to view each (Ref. 69,D). (Figure
5.4-2 is based on the same study.) Thirty-six of the 144
squares contained rings. Three sizes of rings, 5, 10, and 20
arc minutes in diameter, were used. Under these condi-
tions, the reduction in performance was even greater than
in Figure 3.1-44,

Figure 3.1-46. Contrast Sensitivity in a Photographic
Image. In this study, a light arrow was projected onto 1
of 32 uniform density areas on the projections of six
black and white amateur-type snapshots (Ref. 70,C}. The
approximate shape of the 0.5-degree-wide arrow is shown
here. To help the subjects find the arrow, it was located in
the open center of a cross formed by four lines. The pro-
jection screen luminance with no film present was 34
ed/m2 (10 fL). The 32 uniform densit¥ areas ranged in
luminance from about 0.1 to 28 cd/m< (0.03 to 8 fL).
The Igminanoe increment of the lines was constant at 3.4
cd/m< (1.0 fL), while the luminance of the arrow was set
at different leve!s io cover the threshold range.

The arrow and lines appeared for 2 seconds, which report-
edly gave the subjects about 1 second to find the four
lines and 1 second to study the arrow. The subjects first
indicated whetier they could see the arrow and then gave
their best estimate of its orientation. Preliminary testing
was used to establish the ratio between the threshold con-
trast for seeing the taiget and for establishing its orienta-
tion. After this, only orientation responses were required
and tivese were used to calculate the threshold for seeing
the target.

The thresholds given here were approximately constant
over ibackground luminance range of about 1 to 28
cd/m< (0.3 to 8 fL). A further reduction in background
luminance to 0.1 cd/m? (0.03 fL) increased the required
contrast by a factor of 10 times.
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3.1.10 FACTORS THAT REDUCE VISUAL PERFORMANCE (CONTINUED)
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Figure 3.1-47. Contrast Sensitivity in a Simulated Work
Task. This study illustrates an attempt to estimaie con-
trast thresholds for tasks more similar to normal work situ-

"ations than the typical laboratory experiment (Ref. 71,C).
Subjects attempted to detect light 2.6-arc-minute discs
centered in uniformly fuminous circular display fields as
thece moved past the subject’s workstation. Display field
size was not given, but was probably several degrees. Sub-
jects responded by depressing a pushbutton below each
display. This part of the task reportedly did not limit
performance.

~New display fields appeared at a rate of either 1 or 2.5 per
second, which gave the subject an average time of either 1
or 0.4 second to study each fieid. Contrast thresholds
‘obtained in this manner were compared with values using
the same size disc and the same exposure times, either 1
of 0.4 seconds, but with the target disc appearing during
one of four intervals as in Figure 3.1-16.
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SECTICN 3.2 ILLUMINATION

Adequate illumination is esseatial if the user is to take
full advantage of an imagery display. Proper specifica-
tion of illumination must include quantity, spectral
distribution, and spatial distribution. The available infor-
mation on user requirements in each of these areas is
treated in Sections 3.2.6 through 3.2,13 below.

The requirement to specify illumination implies 4 need
to be able to properly describe and meusure it. Because a
certain amount of confusion exists in these areas,
Sections 3.2.1 through 3.2.4 are devoted to a brief

3.21 PHOTOMETRIC CONCEPTS

Light can be described as radiant energy traveling in the
form of electromagnetic waves and having a wavelength
proper for evoking a visual sensation (Ref. 1). In this
document the spectral range for light is taken as 400 to
700 nm, even though if the energy level is sufficient.
wavelengths adjacent to this region will also evoke a
visual sensation (Ref. 2).

The term radiometry applies to the measurement of
radiant encrgy and the term photometry to similar
measurements when the spectral region measured has
been weighted according to the sensitivity of the eye to
energy at each point along the spectrum, using the curve
shown in Figure 3.2-2. With the exception of the
treatment of infrared and wltravioler energy in Section
6.8, this document is concerned only with photometry.

Techniques for measuring and describing light are
described in numerous sources (Ref. 3). This section is
therefore limited to two factors of particular importance
in the photometry of imagery displays, the spectral
response of the sensor and the geometric limitations on
the energy it accepts. For the special problem of
clectro-optical displays a third factor, the temporal
response of the sensor, is also important (Section 4.2).

The most important radiometric and photometric terms
used in this document are listed below.

® Radiant power, also called radiant flux, is the time
rate of flow of radiant energy. Typical units are
joules/second or watts.

® Luminous power, also called lundnous flux, is radiant
power weighted according to the spectral sensitivity
of the eye. The basic unit is the lumen.

summuary of photometric concepts and techniques. The
following aids are of particular importance when display
luminance must be measured:

® Charts for converting scenc luminance to retinal
illuminance (Figures 3.2-14, -15, and - 16).

® A discussion of photometry as it applies to imagery
displays (Sections 3.2.3 und 3.2.4, and particularly
Figures 3.2-21 and -22). '

® [lluminance, formerly called illumination, is the
luminous power per unit area (density) incident upon
a surface. Units are lux and footeandles.

® Luminance is the luminous power per unit solid angle
leaving, passing through, or arriving at a unit surface
area in a specified direction. The surface area is
defined in terms of the apparent area as viewed from
the specifiecd direction. Common units are candelas
per square meter (cd/mz) and footlamberts (fL).
Conversions among the several luminance units in use
are included in Figures 3.2-14, -15, and -16.

Luminance is the most frequently used of these quanti-
ties in inagery displays. Like the response of the eye to
a luminous surface, the definition of luminance involves:

® The apparent size of the luminous surface

® The angular size of the bundle of light rays reaching
the sensor from a single point on the surface

® The direction in which the light is traveling

The term brightness has been used to refer both to
luminance and to the visual sensation associated with a
given luminance. Preferred usage at present is to restrict
the term “brightness’ to the latter meaning.

Luminance measurement is complicated in some situa-
tions because the size of the bundle of light rays that
reaches the sensor of the eye, the retira, is controlled by
the size of the eye pupil, which varies with luminance.
The impact of this on display luminance measurement is
discussed in Section 3.2.4,
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Figure 3.2-1. Spectral Sen:itivity of Retinal Receptors.
As this figure illustrates, the dark adapted rods are much
more sensitive to radiant erergy than the cones over most
of the visual spectrum, and have their peak sensitivity at a
slightly shorter wavelength (Ref. 4). The cones outside
the fovea have a very similar spectral sensitivity.

The range of luminance over which the eye functions is
normally broken into three regions (Ref. 5):

& Photopic— Luminance more than 10 cd/m2 (3fL);
vision primarily with cones, although the rods may
contribute in the periphery.

® Mesopic—Luminance of 10-3t0 10 cd/m? (3x 104 to
3 fL); visior: with both rods and cones

e Scotopic—-Luminance less than 10-3 cd/m? (3x 104
fL); vision with rods only

Vision with imagery displays degends almost exclusively
on the cones, although at some luminance levels the rods
may contribute in the periphery.

The distribution of rods and cones across the retina is
treated in Section 3.5.2.

Figure 3.2-2. Relative Contribution of Different Wave-
lengths to Luminance—the Luminosity Function. The
contribution of radiant energy at each wavelength in the
visual spectrum to the sensation of brightness is known as
relative luminosity and is generally defined in terms of a
standard observer. The most commonly used standard,
the 1931 CIE Standard Observer, is described by the solid
curve in this figure, It was adopted by the C/E in 1931
and is bascy n data from several subjects with normal
color vision and a 2-degree target size (Ref. 7). The 1931
CIE Standard Observer is described more fully in Section
5.2.1.3 and in most books on color (Ref. 8). The values
plctted here are generally identified as ¥y gristimudus
values for an equal energy spectrum in such sources and
in Figure 5.2-7. Since this curve describes the relative
contribution of different parts of the spectrum to the
sensation of brightness, it also describes the correct
relative sensitivity across the spectrum for a sensor used
to measure luminance.

The range of relative luminosity values obtained for a
different group of 37 similar subjzacts is shown by the
broken curves and provides an indication of the amount
of variation that can be expected among individuals.
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3.2.1 FHOTOMETRIC CONCEPTS (CONTINUED)
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Figure 3.2-3. Relationship of Radiant and Luminous
Energy. This figure shows how spectral plots of radiant
and luminous energy can give a very different indication
of the relative importance of energy in portions of the
visual spectrum,

The spectral output of a lamp is usually expressed in
terms of relative radiant energy at each wavelength across
the visual spectrum, The contribution to image luminance
of the energy radiated in different parts of the spectrum
is better illustrated by the relative luminous energy out-
put at each wavelength. This is obtained by weighting the
radiant energy output by the luminosity curve for the eye
illustrated in Figure 3.2-2. Part (a) of this figure shows
relative radiant energy and luminous energy produced by
an incandescent lamp at two color temperatures. Part (b)
shows similar data for a fluorescent lamp.

The solid curves in these illustrations represent only rela-
tive luminosity, not color; adequate representaiion of
color requires weighting of the radiant energy by two addi-
tional curves, as is described in Section 5.2.1.3.

3.2-3
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SECTION 3.2 ILLUMINATION

3.2.1 PHOTOMETRIC CONCEPTS (CONTINUED)
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Figure 3.2-4. Luminance Sensor Configuration. Lumi-
nance measurements must be made with a sensor such as
the one in the upper part of the illustration that accepts

light only from a limited area that is traveling in a limited

range of directions. This can be contrasted with the
illuminanc » sensor iliustrated on the left that accepts
essentially all the light that reaches a given surface area,
regardless of the direction from which it approaches.

A luminance sensor is characterized geometrically by two

factors, 8 and a, defined as illustrated. So long as the
photometer is operated with the luminous surface being
measured in focus on the photodetector aperture, these
are directly equivalent to the angular field size and
entrance aperture of a display device, It is convenient to
define the entrance aperture of the photometer in the
same units as for a display: numerical aperture (NA) =
sin@ (Figure 3.2-18).

There are many common situations, such as when the
luminance of a large uniformly luminous surface of very
low collimation (Figure 3.2-52) is being measured, in
which the focus of the luminance sensor has little notice-

able effect on the luminance reading obtained. (Reference

11 treats the problem of focus in luminance sensors.)

However, in the display luminance measurement situation

described in Figure 3.2-22, correct sensor focusing is
critical.
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SECTION 3.2 ILLUMINATION

3.2.2 PASSAGE OF LIGHT INTO THE EYE

The eye pupil constricts with increasing scene lumi-
nance, reducing both ihe angular size of the bundle of
rays entering the eye and the illuminance on the retina.
This effect must be considered in display design because
in some cases the eye pupil is limiting and in other cases
it is the display exit pupil that is limiting. This difficulty
also occurs with the data on visual performunce at
different luminance levels in Section 3.2.6.

Retinal illuminance (E) is expressed in terms of the
troland (Td). This is defined as the scene luminance (L)
in metric units (ed/m?), multiplied by the pupil area (A)
in square millimeters. Expressed as an equation, E = AL.
As an example, a retinal illuminance of 1 Td would be
produced by a pupil area of | mm2 and a scene
luminance of 1 cd/m?, or by a pupil area of 10 mm? and
a scene luminance of 0.1 cd/m?.,

Knowledge of pupil size is a prerequisite for calculating
retinal illuminance. The best available data on the size of
summarized in Figures 3.2-5 and -11 below. Charts are
also included to convert directly between scene lumi-

SCENE LUMINANCE (fL)

104 102 10° 102 10
8 T 1 T T T T T T T
M ~-.R
1A -
£ L N
£ 8
T st -
-
w
= a4} -
g A = 52
S 3F c=10 4
& F = 40
oS\
2 2F L= s R
R= 6 ctngumate (M) = WEIGHTED
F s = 12 MEAN
0 1 1 1 1 1L L ' 1
104 1072 100 102 10?

SCENE LUMINANCE (cd/m2)

nance and retinal illuminance. If an artificial pupil is in
use, the retinal flluminance is calculated directly from
the equation £ = AL,

There are many variables, in addition to luminance, that
affect eye pupil size. Figures 3.2.7 and 3.2-8 show
typical data for two of these variables.

Light that enters the marginal portion of the eye pupil is
less effective in evoking a sensation of brightness than
the light that enters at the centcr. There is some
indication that this phenomenon, known as the Stiles-
Crawford effect, is related to the directionality of the
cones in the retina (Ref. 12). For pupil diameters larger
than 2 or 3 mm, the effective retinal illuminance is
reduced sufficiently that the loss must be considered in
precise work. Figure 3.2-10 shows the appropriate
correction when using the equation E = AL, and Figures
3.2-11 through -16 include the best available correction
when the natural eye pupil, rather than an artificial
pupil, is the limiting aperture.

Figu «  Change in Pupil Diameter With Scene Lumi-
nance, Cunsiderable new data on the variation in eye
pupil size with scene luminance have become available
since the last summary curve was published in 1955 (Ref.
13). Average values reported by six different experi-
menters are iliustrated here (Ref. 14,X). All six sets of
data were collected using an extended visual field and at
least five subjects.

The mean curve, M, was fit to these data visually. The
averaging was performed at each integrai value of scene
luminance expressed as log cd/m#, with each set of test
data contributing according to the number of subjects
tested. Curve M is shown in large scale in Figure 3.2-11
{Ref. 15).

These data are based on young and midd!e-aged adults.
Older individuals will show less increase in pupil size with
a decreas2 in luminance (Ref. 42).
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SECTION 3.2 ILLUMINATION

3.2.2 PASSAGE OF LIGHT INTO THE EYE (CONTINUED)

Figure 3.2-6. Rate of Pupil Size Changes. The eye pupil
8 requires several seconds after a change in scene luminance
LU L L L 10 reach its final size (Ref. 16,8). The change is faster
. BSUBJECTS _ DARK - when the light level is increased than when it is decreased.
E \‘\GH‘
E 6F . More recent data suggest that in some situations pupil size
c L - does not change as smoothl. as is illustrated here. In one
[ study the pupil initially went through a period of alter-
s 4 -{ nate dilation and contraction tefore reaching its final size
< (Ref. 17,X).
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- Figure 3.2-7. Monocular Versus Binocular Pupil
SCENE LUMINANCE (fL) Diameter. Over a considerable range of scene luminance
4 .2 0 2 4 levels, the eye pupil diameter is less when both eyes
8 10 10 10 10 10 are illuminated than when only one is illuminated ~—
. | v {Ref. 16,B).
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Figure 3.2-8. Effect of Target Distance. The pupil of the
VIEWING DISTANCE {meters) eye contracts as the target being viewed moves closer. This
is apparently due to the accommadation of the eye, .
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SECTION 3.2 ILLUMINATION

3.2.2 PASSAGE OF LIGHT INTO THE EYE (CONTINUED)
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Figure 3.2-9. The Stiles-Crawford Effect. The relative
contribution of light entering various parts of the pugil in
evoking a sensation of brightness is illustrated (Ref. 20).
This is commonly called the Stiles-Crawford effect after
its discoverers. Retinal illuminance in the test situation
was 45 Td.

This decrease in sensitivity of the eye occurs in the cones
and not in the rods (Ref. 21). It is therefore appropriate
to coirect for it only when cone vision is involved.

Figure 3.2-10. Correction for Stiles-Crawford. Because
of the Stiles-Crawford phenomenon (previous figure), the
true pupil area should be replaced by the effective pupil
area when calculating retinal illuminance. The best avail-
able expression for the ratio between effective and true
area, sometimes called the effectivity ratio, is (Ref. 22,C):

1-0.0106 d2 + 0.0000419 d4,

where d is pupil diameter in millimeters.

3.2-7
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SECTION 3.2 ILLUMINATION

3.2.2 PASSAGE OF LIGHT INTO THE EYE (CONTINUED)
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Figure 3.2-11. Eye Pupil Size as a Function of Scane
Luminance. The pupil size function of Figure 3.2-5is
iltustrated here {Ref. 15). Both true size and effective size
corrected fcr the Stiles-Crawford effect, as described in

3.2-8
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Figure 3.2-10, are included. Because the Stiles-Crawford
phenomenon occurs only in cones, it is not appropriate to
apply_a correction for it much below approximately 0.1
cd/m2 (0.03 fL).
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SECTION 3.2 ILLUMINATION

3.2.2 PASSAGE OF LIGHT INTO THE EYE (CONTINUED)
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Figure 3.2-12. Comparison of Alternative Pupil Size
Functions. The best previously available summary curve
descriving the relationship between eye pupil size and
scene luminance was published by de Groot and Gebhard
in 1952 {Ref. 13). It was based on eight studies but only
35 test subjects. 1t is compared here with the curve from
Figure 3.2-5, which is based on a total of 125 test
subjects.

Figure 3.2-13. Impact of Alternative Pupil Size Functions
on Retinal {lluminance. The relationship between retinal
illuminance and scene luminance using the de Groot and
Gebhard pupil size function and the pupit size function
from Figure 3.2-11 are compared here. Both curves are
based on true rather than effective pupil area,

The upper curve in this figure is the same as the upper
curve in Figures 3.2-15 and -16.

3.2-9
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3.2.2 PASSAGE OF LIGHY INTO THE EYE (CONTINUED)
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3.2-10

Figure 3.2-14. Conversion of Three Scene Luminance
Units to Effective Retinat llluminance. The relationship
among the three luminance units is:

1cd/m2 = 0.292 fL = 0.314 mL
1fL = 3.426 cd/m? = 1.076 mL
1 mUL =0.929 fL = 3.183 cd/m?

Retinal illuminance is scene fuminance in ed/m2, multi-
plied by eye pupil area in mm#, Effective pupil area,
corrected for the Stiles-Crawford effect, is used here
(Figure 3.2-11).

(2-76)
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SECTION 3.2 ILLUMINATION

3.2.2 PASSAGE OF LIGHT INTO THE EYE (CONTINUED)

RETINAL LUMINANCE WHEN SCENE (S VIEWED WITH NATURAL PUPIL (Td)
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SECTION 3.2 ILLUMINATION

3.2.2 PASSAGE OF LIGHT INTO THE EYE (CONTINUED)
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SECTION 3.2 ILLUMINATION

3.2.3 IMAGE LUMINANCE IN DISPLAYS

s f°d
L= LT, T

() -

d:

. This section describes the several factors that determine particular light source and microscope are combined. ‘
image luminance in an imagery display. An understand- (-
ing of these factors is particularly important for an aerial The derivation of the equations used in this section is \
image display such as a microscope if vne desires to available in several sources and will not be repeated here .
predict the image luminance that will result when a (Ref. 23). ; '._

bl
h 1
; )
\
ILLUMINATION  IMAGERY VIRTUAL
SOURCE (FILM) {MAGE
IN OBJECT DISPLAY EYE :
PLANE i
Td !
- T T
1 ¢ E= LT, T,A °

E = RETINAL ILLUMINANCE (Td) q
EQUIVALENT LUMINANCE OF IMAGE IN DISPLAY (cd/mz) ’
L, = LUMINANCE OF SOURCE fcd/m?)

T; = TRANSMITTANCE OF IMAGERY (film)
T, = TRANSMITTANCE OF DISPLAY

T, = TRANSMITTANCE OF EYE

A = AREA OF LIMITING PUPIL, EITHER THE EXIT PUPIL OF THE
DISPLAY OR THE EYE ENTRANCE PUPIL {mm2} (corrected for
Stites-Crawford if appropriate)

Figure 3.2-17. Elemeats That Determine Image Lumi-
nance. The elements that determine image luminance
and retinal iluminance in a virtual imzge type display
are illustrated here. As is explained further in the next
two figures, if the eye pupil limits the amount of light
entering the eye, it is appropriate to calculate display
image luminance, Ly, directly. If, on the other hand, the
display pupil is the smaller, it is necessary to determine

!

retinal illuminance, E, and then use the charts at the end
of Section 3.2.2 to convert this value to an equivalent
luminance as seen with the natural pupil.

o The transmittance of the eye, T, does not appear in these
equations because it is already included in the definition
of troland (Td) as the unit of retinal illuminance.

3.2-13
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The illumination source as treated here includes both the

lamp and whatever diffusers and condensers are used to

distribute the light across the object plane. The source -
luminance, Lg, is therefore the luminance of the imagery :
support surface, rather than the luminance of the lamp

filament as is used in some treatments of display illumina-

tion. A fuil description of the iflumination source also

includes collimation and coherence (Section 3.2.11) and

spectral distribution (Section 3.2.7).

Similar factors operate for a projection screen display.
However, such displays are almost always cesigned as a
complete unit, making it adequate for most purposes to
simply specify the screen luminance when no imagery is
present in the film gate (Ref. 24). Specification in terms
of location on the screen is important, particulariy for
high-gain screens.




SECTION 3.2 1LLUMINATION

3.2.3 IMAGE LUMINANCE IN DISPLAYS (CONTINUED)

OBJECT OBJECTIVE
(IMAGERY) LENS
PLANE
EYETIECE EXIT
PUPIL
0 k]
P4
05 de de
- a Y e— = R PERTURE
Na n SIN O 250 500 NA NUMERICAL APER
8 = HALF THE ACCEPTANCE
500 NA APERTURE ANGLE
M T Py = DISPLAY EXIT PUPIL
d DIAMETER (mm)
o 500 NA_ M =~ DISPLAY MAGNIFICATION
d M n = INDEX OF REFRACTION = 1 FOR
MOST IMAGERY DISPLAYS

Figure 3.2-18 Numerical Aperture. The angular size of
the bundle of light rays that is accepted by the display
objective lens is generally expressed as the nurierical aper-
ture (NA), defined as illustrated here. Numerical aperture,

Figure 3.2-19. Equations for Determining Display 1mage
Luminance. The equations shown here can be used to
calcuiate the on-axis luminance of the image in an aerial
image display with a large (Case 1) or small (Case |11)
exit pupil. (Similar viewing situations appear in Figure
3.2-21.)

Case 1 is included for comparison and applies to unaided
viewing, as occurs when film on a light table is viewed
directly, without optical aids. It also applies to viewing a
screen image, in which case the luminance of the screen
image is L.

The transmittance of the 2ye, Tg, must be added to all
equations defining retinal Hluminance, E, unless E is given
in some unit that includes T, such as trolands (Td).

if the display has an exit pupil larger than the eye, as in
Case 11, then the eye pupil s limiting and, as a first
approximation, the ubject luminance, Lo, is reduced only
by the transmittance of the display, Tg. If T4 is consider-
ably less than unity, there may also be an increase in eye
pupil diameter reiative to the diameter when viewing the

3.2-14

exit pupi! size, and display magnification are related by
the equations shown (Ref. 23). These relationships have
considerable impact in the figures that follow.

object {imagery) unaided. The result is an increase in the
amount of light reachingzthe retina equal to the ratio of
the two pupil areas, p,42/p, 2.

In Case 111, the display exit pupil is the limiting aperture,
eliminating the effect of variations in eye pupil size on the
amount of light reaching the retina. As a result, it is neces-
sary to first determine the amount of light reaching the
retina in terms of retinal illuminance, and to then use this
quantity to detern.ine the lurninance that would produce
this same retinal illuminance when the eye pupil is the
limiting aperture. This latter conversion can be made most
easily with charts such as Figures 3.2-14, -15, or -16.

In Case 11, the amount of light reaching the retina is
reduced both by the transmittance of the display, Tq4. and
by decrease in pupil size from Pey 10 Py. The display
pupil diameter, Py, can be replaced by the expression 500
NA/M, where NA'is numerical aperture and M is magniti-
cation {Figure 3.3-2.} As a resuit, whenever display mag-
nification is increased with nc increase in numerical aper-
ture, the image luminance decreases by the square of the
magnification.

{2-76)
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SECTION 3.2 ILLUMINATION

3.2.3 IMAGE LUMINANCE N DISPLAYS (CONTINUED)
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Figure 3.2.19. Equa\ions fo; Determining Display Image Luminance (text on preceding page)
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SECTION 3.2 ILLUMINATION

3.2.4 PHOTOMETRY OF IMAGERY DISPLAYS

A number of special problems oceur in the proper
measurement of funmance - inagery displayvs. Tech-
niques tor dealmg with o tew of these are descnbed an

this section. A more thorough mathematical treatment
of the principtes involved can be found in several sources
(Ret. 23).

LUMINOUS
SURFACE

250 mm —

3.mm APERTURE
ENTRANCE

17.-mm FOCAL
LENGTH LENS

~18.24 mm-——_‘-z

Figure 3.2-20. Antificial Eye Photometer. One of many
sensor contigurations suitable for measuring display image
luminance is illustrated here (Ref. 25). It is convenient,
though certainly not essential, that it approximately
matches two dimensions of the eye, the eye entrance
pupil diameter and the eye focal length. As illustrated
here, it is focused for 250 mm (10 in), which means that
for the application illustrated in Figure 3.2-22, it would
be placed 250 mm from the illumination source. When
~ used to measure image luminance in a microscope-type
display, if the uniformly tuminous area being measured
extends well beyond the field of the sensor, exact match-
ing of sensor focus distance to image distance is generally
not critical (Ref. 26). For some applications it may be
safest to determine the importance of sensor focus
empirically. Exact positioning of the microscope exit
pupil within the sensor entrance pupil is essential.

if this type of sensor is calibrated against a standard lumi-
nance source, then to determine display image luminance

3.2-16

when the exit pupil is smaller than the sensor pupil, it is
necessary to correct for the relative areas of the two pupils
(Figure 3.2-21).

In theory, one could avoid building such a sensor and
simply make a pupil area correction to measurements
obtained with the common telescopic luminance sensor
supplied with most photometers. Such devices usually
have an entrance pupil in excess of 10 mm. Unless this is
reduced by the addition of an aperture, the large differ-
ence in pupil areas will make the final image luminance
value very sensitive to measurement 2rrors. Also, the large
variation in sensitivity across the entrance aperture typi-
cally found in this kind of sensor wilf necessitate a correc-
tion factor akin to that used to correct for the Stiles-
Crawford effect in the eye. That is, as with the eye, light
entering through different parts of the entrance pupil of
this type of sensor contributes differentially to the meter
reading obtained.

(2-76)
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SECTION 3.2 ILLUMINATION

3.2.4 PHOTOMETRY OF IMAGERY DiSPLAYS (CONTINUED)

—

—

()

@ CALIBRATION:

_/— 3-mm PUPIL PHOTOMETER

343-cd'm? (100-1L}

CALIBRATION > ‘ METER READING OF 100
SOURCS \ 100 | = M3 edm? 100 1L)
. 1H—’;—12 (343) = 2425 Td
METER SCALE FACTOR
= 3.43 cd/m
@ CASE | - UNAIDED VIEWING: - 2425 Td
PROJECTION : L SCREEN LUMINANCE
SCREEN - S - 70 (3.43)
» = 240 cd/m2 (70 fL)
70

® CASE 11 - AIDED VIEWING; PHOTOSENSOR AND EYE PUPILS LIMITING:

IMAGE LUMINANCE
=70 (3.43)
= 240 cd/m2 (70 $L)

EYEPIECE

® CASE 111 — AIDED VIEWING; DISPLAY PUPIL LIMITING

V}V

HETINAL ILLUMINANCE
= 70 (24.25)

R, = 1698 Td
. 70

IMAGE LUMINANCE

LUMINANCE

- USE FIGURES 3.2-14, -15, -
TO FINO EQUIVALENT

SCENE LUMINANCE TO
OBTAIN THIS RETINAL
JLLUMINANCE WITH A

16 NATURAL PUPIL IS IN
FIGURES 3.2 - 14, 15, & 16

Figure 3.2-21. Display fmage Luminance Measurement.
Proper use of a photoserisor such as the one in Figure
3.2-20 is best explained in terms of specific examples such
as those illustrated here. Assume that the photometer is
calibrated to obtain a meter reading of 100 with a typical
standard luminance source of 343 cd/m2 (100 fL). A
meter reading of 1 then corresponds to a luminance of
3.43 cd/m2 (1 £L) and a retinal illuminance of 24.25 Td.

Luminance measurements for a source such as a projection
screen (Case 1) can then be made as with any photometric
telescope. For a virtual image display such as a microscope
that has an exit pupil larger than 3 mm and larger than the
natural eye pupil at the display image luminance in use
(Czse 11), the image luminance is again simply read directly
from the meter.

When the dispfay exit pupil is smaller than the pupil of
both the sensor and the user’s eye {Case 111), the meter
reading must be converted to retinal illuminance in
trolands (Td). To determine the image luminance, which
is defined as the luminance of a surface viewed with a

natural pupil that would yield the same retinal illuminance,

conversion charts such as those in Figures 3.2-14, 15, and
16 must be used.

Noticeably absent here is a discussion of the case where
one of the two pupils, either the eye or the photosensar,
is larger than the disnlay pupil while the other is smaller.
Although the treatment of the data in this case follows
the same principles as above, it is perhaps simpler to
change the siz: of the photosensor pupil and recalibrate,

3:2:17
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SECTION 3.2 ILLUMINATION

3.2.4 PHOTOMETRY OF IMAGERY DISPLAYS (CONTINUED)

PARTIALLY COLLIMATED ILLUMINATION

OBJECT
LUMINANCE
DISTRIBUTION

MICROSCOPE
PLUS
EYE

4

EQUIVALENT

APERTURE
PHOTOMETER [

LARGER

APERTURE

PHOTOMETER €0

NOTE: NUMBERS ON METERS ILLUSTRATE DIRECT!ON OF CHANGE IN READING, NOT THE AMOUNT.

UNCOLLIMATED ILLUMINATION

/'

4
8

Figure 3.2-22, Potential Errors in the Photometry of a
Luminous Surface. Knowledge of source luminance is
necessary to determine display transmission and to be able
tn predict the image juminance that will result when a
particular display is used with the source. These are pri-
marily problems with microscope-type displays, where

the illumination source is often interchangeable, rather
than with projection displays that usually are built with
the illumination source integral to the display.

One of the least recognized sources of error in measuring
source luminance is failure to match the numerical aper-
ture of the photosensor, defined as in Figure 3.2-18, to
the numerical aperture of the display that will be used

with the source. As a result, the angular size of the bundle .

of rays that contributes to the measurement is not the
same as that which contributes to the luminance of the
image,

As this figure illustrates, severa! factors determine whether
a significant error will occur, particularly the collimation
of the illumination source (see Section 3.2.11).

All the factors that should be controfled in any particular
measuremer:t situation cannot be covered here. However,
so long as the collimation of the source, specified in terms
of numerical aperture, is not significantly less than the
numerical aperture of the display, then it is generally suf-
ficient to simply use a photosensor with a numerical aper-
ture smailer than that of the display.

it should be noted that the effective numerical aperture of
a photosensor in this application varies with its distance
from the source. This is controlled by specifying that it
must be in focus for the source distancs,
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SECTION 3.2 ILLUMINATION

3.25 IMAGERY TRANSMISSION

RECOMMENDATIONS:

n the absence of more adequate data, base display image itminance calculations for achromatic imagery

on a density value of 1.6.

As Figure 3.2-17 illustrates, the luminance of the
displaved image is reduced by the abserption of light in
the film being viewed. The proportion of the incident
light that passes through the film is known as trans-
mirtance, T, and is usually expressed as log 1/T, or
density. The relationship between the two units is
illustrated in the next figure. Film densities are routinely
measured, and limiting values for most kinds of film are
published. However, these values provide lit'le gridance
for the display designer.

Imagery density values used to calculate display image
luminance should meet saveral criteria:

® They should describe target areas as they appear on
imagery processed exactlv as it will go to the
interpreter.

® They should be measured over a meaningful area on
the imagery.

® They should include a reasonable proportion of such
areas on the imagery.

It is not appropriate to simply measure the average
density over an entire frame because at any one moment
the display user will be looking at a small area that may
have a density much different than the average. It is also
possible to sample too small an area so that one is
essentially measuring the density of individual objects.

Other things being equal, sampling over a smaller area
will yield a wider range of density values. Therefore, if in
order to provide enough light for worst case situations, a
value at the upper extreme of the measured densities is
used, a smaller aperture will yield a higher density and a
demand to provide more light. .

One approach is to use the average density over the
image area that yields best vision. Referring to Section
3.5, this is estimated rather arbitrarily as 2 degrees.
For a display magnification range of 10 to 100 X, the
corresponding distance on the imagery, and hence the
most appropriaie densitometer sampling aperture is
about 0.1 to 1.0 mm (Figure 3.5-3).

The best available imagery density data for black and
white inagery is illustrated in Figure 3.2-24.

The problem of density is considerably more complex
with color than with black and white imagery. At least
seven different types of densities for color transparencies
are in use (Ref. 27). To be useful for specifying
illumination requirements. the type of measurement
used must reflect the spectral sensitivity of the eye, as
opposed, for example, to the spectral sensitivity of
duplicating film. A special weighting factor to take
account of the spectral transmission of the illumination
source may also be desirable. Although data on maxi-
mum density range is available for most color films, no
data of the type shown in Figures 3.2-23 and -24 are
known. '




SECTION

3.2 ILLUMINATION

3.25 IMAGERY TRANSMISSION (CONTINUED)
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Figure 3.2-23. Transmission and Density. The expression
for display image luminance in Figure 3.2-19 includes a
term for the transmission of the imagery. Imagery is
usually described in terms of density, which is related to
transmission in the manner illustrated here.

Figure 3.2-24. Imagery Density Distribution. The only
known imagery density data collected with an aperture
size useful for estimating display image luminance are
illustrated here {Ref. 28,D).

These measurements were made within the immediate tar-
get area of 11 randomly selected operationally realistic
targets imaged on high-quality 3414 aerial film. Normal
exposure and processing were used.

For the 0.5-mm aperture, each target area was scanned
manually and the maximum density obtainable was
recorded. Thete values for the 11 targets are plotted in the
upper graph as a histogram. For the 0.01-mm aperture,
each target area was scanned automatically on a micro-
densitometer and the density at each of several thousard
points was recorded. The points for a single target were
plotted as a histogram and the point where a smooth
vnsually fit curve would reach zero frequency was taken as

e maximum density for that target. This procedure
usually eliminated several extremeiy high-density values.
Finally, these values were converted to macrodensities to
correct for optical effects at the small aperture.

The upper graph shows the number of targets that had .
each maximum density when measured with the 0.5-mm
aperture. These data and the equivalent data for the
0.01-mm aperture are plotted below in terms of cumula-
tive proporticris. As expected, the 0.01-mm aperture den-
sities are much higher.

To the extent that the 0.5-mm aperture data are realistic,
a value of 1.8 to 2.0 in the image luminance equations in
Figure 3.2-19 will ensure adequate image luminance. Since
the values plotted here represent maximum density for
each target area, ever. designing for a density of 1.6 should
ensure an adequate image Juminance.

3.2-20
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SECTION 3.2 ILLUMINATION

3.2.6 LUMINANCE AND VISUAL PERFORMANCE

RECOMMENDATIONS:

Provida the capability of increasing display image luminance (see Section 3.2.3) to the following levels:

For casual examination to locate general features, 35 cd/m2 (10 fL, 400 Td).

For performing normal interpretation functions, at least 85 cd/m2 (25 fL, 800 Td) and preferably

340 cd/m2 (100 fL, 2,300 Td).

e Indisplays for extensive, detailed examination of imagery, 1,750 cd/m2 (500 fL, 3,500 Td).

If the display is intended for achromatic film, assume a film density of 1.6 (Section 3.2.5).

Before incorporating the higher values specified above in hardware, conduct tests to ensure that such levels

are actually usable in imagery display configurations. (See Section 3.2.6.2.)

Provide a luminance adjustment with a range of at least 170 to 1, with control setting equal approximately

to the log of the luminance.

If a less than ontimum luminance level must be provided, consider the need to increase luminance 50 to

100 percent for oider users. (See Section 3.2.6.3.)

It is well established that, at least for a certain range,
visual performance improves with an increase in image
luminance. Section 3.2.6.1 summarizes data coilected in
laboratory situations on this relationship between vision
and luminance level, and Section 3.2.6.2 treats the much
less adequately studied situation of vision in ordinary
im~gery displays. The special problem of luminance
requirements for older display users is covered in Section
3.2.6.3. ‘

Because of the wide ranges involved, it is convenient to
plot both visual performance and image luminance on
logarithmic scales. The relatively small displacement on
such a scale caused by a large increase in luminance
tends to obscure tne difficulty in achicving such an
increase.

A method must be provided by which the display user
can adjust the luminance level to compensate fgr
variations in imagery transmission, the luminance in
other portions of the work environment, and his
personal preferences. In the absence of adequate quanti-
tative data on any of these three variables, an adjustment
ranze of 100 to 1 is suggested. .

When even very small improvements in visual perform-
ance are important, as’ they often arc in image
interpretation, it is desirable to know the slope of the
function .relating visual performance to luminance as

L 4

performance apbroaches its maximum. Unless on¢ has an
extremely large data sample, such as the hundreds of
observations for each point plotted in Figure 3.2-30,
random variation in performance makes it difficult to
establish the slope of the curve in this region. Curves
drawn using best-fit statistical procedures are a poten-
tially misleading solution available to anycne with access
to a computer. They obscure the very important fact
that the slope of the resulting curve is heavily dependent
on whether the mathematical function selec.ed is loga-
rithmic, hyperbolic, a polynomial, a power function, or
some other choice. Acimittedly there are also statistical
techniques available for choosing among these possibili-
ties, but if there is sufficient datu available to make their
use meaningful, the average performance probably fol-
lows,a smooth path anyhow. Wherever possible in this
document, the original avérage performance scores
reported by the experimenter are shown, connected with
straight lines.

It is possible that if a very high image luminance is
provided, along with an allowance for very high-density
imagery, thgre may be conditions under which sufficient
light could teach the user’s eye to cause damage. This
topic is treated in Section 6.7.

-Once a certain luminance has been achieved, the spatial
distribution may become more important than the level
of the luminance. See Sections 3.2.11, 3,2.12 and 7.3.3.
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SECTION 3.2 ILLUMINATION

3.26.1 LABORATORY DATA

The laboratory test data relating visual performance to
luminance level that are summarized in this section
support several conclusions:

® Over alimited range of both variables, visual perform-
ance improves with an increase in image luminance.

® Each successive increase in visual performance
requires a successively larger increase in luminance.
As a result, providirg enough light to achieve absolute
maximum visual performance may not be economi-
cally feasihle.

@ The luminance level at which visual performance
effectively reaches a maxirum varies with the tash.
More difficult tasks benefit more from higher lumi-
nance. Difficulty generally increases with a reduction
in target size, target contrast or time available to
petform the task.

Because of their importance, three figures from Section
3.1.6 are reproduced here as Figures 3.2-31, -32 and -33.
A fourth figure in that section, 3.1.22, is also relevant.

DATA APPEAR IN FIGURE NUMBER:
L 4 3.2-27
-— ]32-28
- j 3.2-29
| 1 1 1 1 1 1 1 $3.2-30
1 1 }J3.2-0
L 1 [} J3.2-32
- 1 1 1 -4 3.2-33
t J 3.2-24
. i i1 1 T ! [n ] 3.2-35
! | !
L aaaul U R TV I B S W Y | L‘J FENERIE o gt L1
10 102 I 0l i j104 108
EFFECTIVE RETINAL ILLUMINANCE WHEN SCENE IS VIEWED WITH NATURAL PUPIL (Td)
. i i [
L]
L a2 taul Lol o aanand e raanl Sy vl Lo a1 asetd
10! 1 10 [ 102 1 10% | 10 108
SCIENE LUMINANCE (cldlmz) :
1
el it il bt el x4 aaarul IS N KBTS a1 asaul |
-1 1 10 102 103 104
10 h | h |
SCENE LUMINANCE (fL) {
) 1 | !
) ( !
| ! LDETAILED EXAMINATION
L l_PREFERRED NORMAL
IMAGE LUMINANCE RECOMMENDATIONS: MINIMUM NORMAL
ASUAL EXAMINATION

*Figure 3.2-25. Laboratory Studies on the Effect of image

Luminance. To simplify making comparisons, the lumi-
nance levels used in the studies summarized in this section
are illustrated here. Where a large number »f different

levels were used, only the range is shown. The four lumi-
nance levels cited in the recommendations above are indi-
cated by broken lines.
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SECTION 3.2 ILLUMINATION

3.2.6.1 LABORATORY DATA (CONTINUED)
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Figure 3.2-26. Luminance and Visual Performance.
Curves fit to the results ‘rom several studies on the reia-
tionship between visual performance and illumination
fevel published prior to 1944 are illustrated here (Ref.
29,X). The upper curve shows the minimum size high-
contrast target that can be resolved. The lower curve
shows the minimum contrast at which a relatively large
target can be detected.

These curves are included here primaiily to iflustrate the
fact that as the maximum visual performance level is
approached, larger and larger increases in juminance are
required to obtain additional improvement in performance.
Because of the wide variability in the original data on
which these curves were based, they are useful only as an
indication of the general relationship between luminance

" and visual performance.

Figure 3,2-27. Effect of Luniiinance on Ability To
Resolve a Landolt Ring. In this study, ability to report
the orientation of the break in a dark Landolt ring con-
tinued to improve as retinal illuminance increased up to
approximately 10,060 Td (Ref. 30,C). Thi& corresponds
to a scene luminance of about 2,000 cd/m< (600 fL.)
viewed with a natural pupil. The display field in this study
subi.nded 30 degrees, and the 2-mm pupil was projected
into the subject’s eye.

3.2-23




SECTION 3.2 {LLUMINATION

3.2.6.1 LABOR/TORY DATA (CONTINUED)
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Figure 3.2-28. Effrct of Luminance on Vernier

Acuity. In this study two subjects aligned two narrow

bars in a vernicr acuity task (Ref. 31,8). The two bars

combined were 4.5 degrees long and were seen against a

12-degree field. The artificial pupi! was projected into the

subject’s eye. Performance showed little improvement as

retinal illuminance increased beyond atout 20 Td. This '
corresponds to a scene luminance of 1.3 cd/m2 (0.4 fL) :
viewed with 3 natural pupif.

Figure 3.2-29. Effect of Luminance on Stereo Acuity.
This curve shows performance of two subjects on a three-
rod stereo acuity test \Ref. 22,C). Viewing was with
natural pupils. Performance showed little improvement as
luminance increased beyond approximately 7 cd/m?

(2 fL).
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SECTION 3.2 ILLUMINATION

3.2.6.1 LABORATORY DATA (CONTINUED)
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Figure 3.2-30. Effect of Luminance on Threshold

Contrast. The most extensive data refating visual perform-

ance to luminance are those collected by Blackwefl and
his fellow workers (Ref. 33,B]. in most of these studies,
the highly experiencod test subjects attempt to detect a
light circular target that can appear during one of several
dme intervals. Viewing is binocufar without optical aids,
The background and equiluminous surround exceeds 120
degrees, thereby nearly filling the subject’s visual field.

This curve shows threshold contrast, defined as detection
success 50 percent better than chance, for 10 subjects.
The targe: disc subtended 4 arc minutes and appeared for
1/5 second during one of four intervals. Changing the
success criterion, for example to 90 percent detection,
raises the threshold curve but does not change its shape.
(See Figure 3.1-17.)

There was an improvement in vision for each increase in
luminance. even when the background luminance went
from 3.400 to 10.000 cd/m2 {1,000 to 3,000 fL). How-
ever, this last threefold increase in luminance reduced the
contrast threshold only 5 percent, from 0.038 to 0.036.

3.2-25

it i3 not passible at present to estimate whether thig
improvement might have a significant impact on the work
output of the display user.

Secause of the la:ge number of suvjects and test trials,
and the fairly reasonable test conditions, the curve shown
here is one of the best available estimates of the relation-
ship between background tuminance and threshold con-
rast. Howevar, it is we!l to keep in mind that ¢ atrast
thresholds will vary oy a factor of at least 2.5 across indi-
viduals (Figure 3.1-17), and as a function of many other
variables, some of which are summarized in Saction
3.1.10. Referring to the curve shown heve, a contrast
threshold change of 2.5 corresponds to a luminance
change of several orders of nragnitude.

Throughout this document, the average value for a set of
test measurements is shown as a dark disc on a grag h. This
is probably what the discs in this figure represent, but the
available literaturs leaves open the possibility that these
are really just discrete points measured on curves fit to the
original, unreported, test data. |
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SECTION 3.2 ILLUMINATION

3.2.6.1 LABORATORY DATA (CONTINUED)

Figure 3.2-31. Effect of Luminance on Contrast

OBJECT PLANE SPATIAL FHEQUENCY Sensitivity. The test conditions for this study (Ref. 25,8)
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Figure 3.2-32. Effect of Luminance on Contrast Sensi-
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SECTION 3.2 ILLUMINATION

3.26.1 LABORATORY DATA (CONTINUED)
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Figure 3.2-33, Effect of Luminance on Contrast Sensi-
tivity. Tha test conditions for this study (Ref. 36,C)
were:

. Sinusoidal grating

° 4,5-degree-wide by 8.2-degree-high field

° Mo:.ochromatic green illumination, 525 nm

. Dark surround

. Monocular viewing; 2-mm pupil, projected into eye

. Criterion—subject varied contrast to bracket level at
which grating was just perceptible

. 1 subject

3.2-27

According to the author, performance was the same for
the two highest luminances, 800 and 5,900 Td, and these
are shown as a single curve in {c). These Sorrespond to
scene luminance of 100 and 1,200 cd/m+< (30 and 350 fL)
viewed with a natural pupil.

Parts (a) and (b) thow the same data as (c), replotted to
iltustrate the impact of luminance at specific target fre-
quencies and modulations.

(The right-hand illustration also appears as Figure 3.1-24.)
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SECTION 3.2 ILLUMINATION

3.2.6.1 LABORATORY DATA (CONTINUED)
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Figure 3.2-34. Interaction of Luminance and Visual Task

Ditficulty. These curves describe the ability of two sub-
jects to detect light circular targets {Ref. 37,B). The test
conditions are described in Figure 3.2-30.

These curves, which are plotted as Cy, not C,,, suggest
that increasing luminance will yield greater benefits in
difficult viewing situations than in easy ones. Referring to
(a), which is based on a target exposure time of 1/3
second, an increase in luminance had a much creater
impact on small targets than on large ones. In (b}, which is
based on a single target size of 4 arc minutes, the last
order of magnitude increase in lJuminance had a much
greater effect on threshold contrast with short target
exposures than with long exposures.
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SECTION 3.2 ILLUMINATION

3.2.6.1 LABORATORY DATA (CONTINUED)
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Figure 3.2-35. Effect of Luminance on Search Perform-
ance. The benefit of higher luminance values in the study
ilustrated here varied with the test conditions {Ref.
38,B). In this study, subjects searched for a square target
in an array of 15 dark circles of equivalent area. The
entire array was seen at a single contrast. The display field
was 20 by 20 degrees; the s.rrounding area was not
described. Binocular unaided viewing was used. Two tar-
get sizes, 10 and 30 arc minutes across, were used.

The stimulus arﬁy disappeared when the subject pressed

a button to indicate that he had found the target or that
he was satisfied that no target was present. This allowed
the data to be treated in terms of target detection success
as a function of time.

Part (a) shows the percentage of targets found within the
first 3 seconds. With the exception of size/contrast/
luminance conditions that were completely impossible,
the tendency was for the more ditficult viewing condi-
tions to benefit most from higher luminance. That is,
performance on the farge, high-contrast targets reached
maximum with a luminance at which performance on
the other targets was still improving.

A similar effect can be seen in (b), which shows target
detection success at six different intervals after the array

. appeared. In this situation, which was limited to small

high contrast targets, the highest luminances did not con-
tribute to the number of targets finally found but did help
the subjects find targets faster.

These results are reievant to imagery displays whenever
the display user’s performance is limited by anv of the
three variables included in the study—target size, target
contrast, and time available to complete the *»-%,
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SECTION 3.2 ILLUMINATION

3.2.6.2 IMAGERY DISPLAY DATA

This section summarizes the two studies available on the
effects of image luminance collected using test subjects,
imagery, and displays typical of an imagery interpreta-
tion work situation. Because of the way these data were
collected and reported, it is difficult to establish exactly
how they impact display design. They are included here
because they contribute to the discussion in the intro-
ductory part of Section 3.2.6, not because they lead
diiectly to decisions about what image luminance to
provide.

In one of the studies summarized in this section, display
users indicated the minimum luminance they required
and in another they indicated what they preferred.
Notably lacking is information on what luminance, if
any, they would consider excessive. In the absence of a
redesign of the work environment or special training to
show the display user the value of high image luminance
levels, this would seem to sct an upper limit on the
maximum luminance it is useful to provide, regardless of
what laboratory data may imply about visual perform-
ance. it is important to collect such data with a
reasonable range of display configurations and ambient
illumination conditions. Such data should be less vari-
able than data on preferred luminance because it is
usually easier to judge when an image is poor than to
judge when it is good.

In addition to the work summarized here, there is some
indication, primarily based on comments by interpreters

6 INTERPRETERS
PREFERRED IMAGE LUMINANCE (fL)

1 10 100
T vV Ty 1 T rrrrr
0.3 30X
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FiLM 60X b
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1 1] .
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. 4 60X
[N NN ETT L L ) tils) gt 3 1AL}
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using microscopes to view imagery, that there is an
upper limit on the acceptable image luminance for this
kind of display. The typical comment is to the effect
that as the image luminance is increased beyond a
certain point the image contrast is noticeably reduced
and the image becomes more difficult, or at least less
pleasant, to see. Physically, there is no way the image
contrast can change simply from an increase in the
source luminance. Therefore, i this phenomenon is real,
it must be due in some way to a nonlinearity in the
response of the eye to the luminance distribution in this
kind of display. In this regard the work described in
Section 3.2.11 on the impact of glare is probably more
relevant than the work in Section 3.2.6.1 describing
visual performance when the luminance of a display that
fills the entire visual field uniformly is changed.

In one study, several individuals experienced at viewing
imagery for purposes of determining its physical charac-
teristics, such as density, granularity or resolution,
served as subjects (Ref. 39,X). They estimated the
luminance required to detect or to recognize simple
geometric shapes on color test imagery. Estimates were
made by increasing the luminance from zero until it was
deemed acceptable. The minimum image luminance
judged satisfactory by 95 percent of the test subjects
ranged from 0.07 to 7.0 ¢d/m2 (0.02 to 2.0 fL),
depending on the particular visual task and target/
background combination involved. No correction was
made for photometer pupil size as described in Figure
3.2:21.

Figure 3.2-36. Preferred Microscope Image Luminance.
Five image interpreters viewed two samples of low-con-
trast imagery in a Bausch and Lomb Twin Dynazoom
microscope (Ref. 41, D). For each viewing condition,
image luminaince was first set to maximum and then was
reduced by the interpreter to his preferred level. The 0.3
density imagery was viewed in stereo, while the 1.6 den-
sity sample was viewed with a single eye. The bars in the
figure illustrate the range of preferred values for the five
interpreters.

Image fuminance was measured with the film in place.
Film density was measured with the same photometer
used to measure image luminance. It measured over a field
of about 10 degrees. it had a 3-mm entrance pupil. No
correction was made for photometer pupil size as
described in Section 3.2.4. For the 1.6 density, 30X view-
ing condition, the interpreters each reported two lumi-
nances, one high and one low.
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SECTION 3.2 ILLUMINATION

3,2;8.3 EFFECT OF USER AGE AND VISUAL ABILITY

A number of changes occur in the eye with age (Ref.
41). These include a reduction in transmission and in

“pupil size, both of which reduce the proportion of

illumination that reaches the retina. It has been sug-
gested that older individuals should therefore be pro-
vided with more light than younger ones. For example,
one handbook states that to obtain the same contrast
detection performance as a 20-year-old observer, a
40-year-old observer will require 40 percent more light
and a 60-year-old observer will require . 00 percent more
(Ref. 42). Comewhat smaller increases are suggested as
adequate to maintain the same visual acuity.

The best available test data, summarized below, suggest
that older individuals and individuals with subnormal
vision achicve their best visual performance at approxi-
mately the same illumination levels as normal individ-
uals. To the extent that this is true, increasing the
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illumination level especially for older individuals will
help only for task situatior.s where the normally sighted
individual can see adequately at an illumination level
much lower than required for best vision. Figure 3.2-39
expands on this idea.

The implication for display design is that if enough
illumination is provided for younger users to reach
maximum visual performance, this illumination will also
be adequate for older users. The former group, however,
will have slightly better performance.

To place this topic in proper perspective, it should be
noted that the reference just cited (Ref. 42) speaks of
luminance increases of only 40 to 100 perceat. Most of
the curves in this section show luminance changes in
terms of increments five or ten times as large.

Figure 3.2-37. Effect of Luminance on Contrast Thresh-
olds for Different Age Groups. Contrast thresholds for
two groups of subjects differing in age are shown (Ref.

43 C). The subjects were selected to have 20/30 or better
visual acuity on a standard clinical test. The target was a
light disc adjusted by the subject to be barely visible.
Otherwise, viewing conditions were as described in Figurcs
3.1-16 and -17.

The two groups differed in their ability to see low-
contrast targets. However, there is no suggestion in these
two curves that there is any difference in the luminance
level at which the two groups were able to reach maxi-
mum performance.



SECTION 3.2 ILLUMINATION

3.2.6.3 EFFECT OF USER AGE AND VISUAL ABILITY (CONTINUED)
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Figure 3.2-38. Effect of Luminance on Visual Ability of
Individuals with Normal or Poor Vision. In this study,
individuals were separated into groups by visual ability
rather than age. Visual performance for the two groups of
12 subjects each, described as having normal and sub-
normal vision, are shown (Ref. 44 C). The normal vision
subjects could resolve the checkerboard test targets when
its criticai detail subtended 1.0 arc minute while the sub-
normal vision subjects could not. The luminous surround
covered at least 90 degrees. Viewing was monoct:iar with a
natural pupil.

As in the previous figure, the two groups cl2arly d’ffered
in ability, but there was no evidece to indicate that they
reached maximum visual capabiiity at differant luminance
levels.

Figure 3.2-39. Increasing Illumination to Compensate for
Subnormal Vision. This figure illustrates the hypotheti-
cal variation in visual performance with scene luminance
for two groups of subjects that differ in visua! ability.
The two curves are similar to those in Figure 3.2-37, but
have been distorted slightly to clarify the difficulty in
simply increasing luminance to overcome the problems of
individuals with subnormal vision.

Suppose a particular activity requires an individual to
function at the visual discrimination level indicated as A
in the illustration. Then increasing the luminance by a
moderate amount from the minimum at which the nor-
mal vision group can perform the activity will also allow
the subnormal vision group to perform it. However, as
the visual requirements for the activity move closer to
the maximum possible, larger increases in luminance are
required. Eventually a point such as B is reached at
which no amount of increase in luminance will allow the
subnormal vision group to succeed.



SECTION 3.2 ILLUMINATION

3.2.7 ILLUMINANT SPECTRAL DISTRIBUTION AND VISUAL PERFORMANCE

The spectral distribution of radiant energy from differ-
ent light sources varies widely and can be further
modified with filters. There are several possible benefits
from imposing limits on the spectral distribution of the

" radiant energy used to illuminate achromatic imagery.

Section 3.2.7.1 below considers fimitations on energy at
wavelengths within the visible region of the spectrum,
and Section 3.2.7.2 considers wavelengths outside this

3.2.7.1 LIMITATIONS WITHIN THE VISIBLE SPECTRUM

RECOMMENDATIONS:

region, primarily ultraviolet. (The safety aspects of
ultraviolet are covered in Section 6.8.1).

The limitations imposed with displays intended for
viewing color imagery are considerably more stringent
than those considered here for achromatic imagery.
They appear in Section 3.2.9.

Iluminate achromatic imagery with radiant energy that includes at least a major portion of the visual

spectrum and has a nominal appearance of white.

Do not attempt to improve vision by use of an illumination source with an extremely narrow waveiength
range. This is an acceptable, though not a desirable approach, on special-purpose displays when it is
necessary to reduce problems with chromatic aberraticn in the display itself; however, some users will

probably have difficulty with such illumination. Avoid wavelengths near either end of the visible spectzum
because they make such a small contribution to luminance (Figure 3.2-2). Avoid short waveiz:gths
because the increased refractive power of the eye may make focusing difficult (Section 3.4.6) (also, see

-

~
"

the discussion of the potential hazard from short wavelength light in Section 6.8.1.3).

Possible limitations on the spectral distribution of
display luminance fall into two categories:

@ Distributions of specified shape that include most or
all of the visible spectrum

® Narrow band or monochromatic distributions

For sources that cover most or all of the visible

" spectrum, such as incandescent, fluorescent, and xenon

arc lamps, there is no known data to support the use of
any one source over the others. Possibly a source with
most of the radiant energy at one or both extremes of
the visible spectrum would have a deleterious effect on
visual performance, but the low efficiency of such a
source in converting electrical energy into luminous
energy would make it an undesirable choice anyway.

Onc study that fits into this category compared success
in locating targets on aerial photographs illuminated by
an incandescent source with a color temperature of
either 2360° or 5500° K (Ref. 45,A). There was no
indication that the two color temperatures had any
effect on performance.

3.2-33

. In other studies, slight visual performance differences

have been reported for relatively small differences in
spectral  distribution of the illumination source
(Ref. 46,C). However, the experimental conditions have
generally not been adequately controlled, and, in the
absence of confirmatory studies by other investigators,
these results remain controversial.

Considering the second type of limitation that might be
imposed, the best available data indicate that little if any
improvement in vision is obtained by reducing the
spectral range of the illumination to a narrow band of
wavelengths.

If any such improvement did occur, it would have to be
weighed against two disadvantages:

® In a large proportion of individuals, the color fringes
produced on the retina by chromatic aberration serve
as a clue to the direction of accommodative error
(Ref. 47,B). With monochromatic light these individ-
uals, at least initially, are unable to focus their eyes




SECTION 3.2 ILLUMINATION

3.2.7.1 LIMITATIONS WITHIN THE VISIBLE SPECTRUM (CONTINUED)

prope:ly. With practice, most eventually overcome
this difficulty, appuarently by learning to use some
other kind of cue.

® Muny individuals will simply find the color of such
luminance unpleasant.

There are three major difficulties in attempting to
ote” aine :xperimentally whether vision is better with a
part cular narrow spectral band or with ordinary full
spectrum white light. The first difficulty is in eliminating
differences duc to the relative sensitivity of the eye to
radiant energy of different wavelengths. As Figure 3.2-2
illustrates, thie sensitivity of 2 particular test subject can
differ widely from the standard luminosity function.
The best approach is generally to increase the radiant
encrgy at each spectral condition tested to achieve
maxinum visual performance.

The second difficulty involves the differential effect of
the limiting aperture at different wavelengths. As Figure
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3.2-40 illustrates, the reduction in the diffraction limit
for a fixed aperture as wavelength increases can signifi-
cantly reduce visual performance at the longer
wavelengths.

The third difficulty occurs because the amount of
chromatic aberration present in the eye is sufticient to
make a normally sighted person, who can just focus
clearly at infinity with white light, nearly 0.75 diopter
myopic when viewing with short-wavelength (blue) light
(Section 3.4.6). It is possible to correct this focus error
with a minus lens, but the best approach is to avoid blue
light in applications where focus is critical.

In the study described in Figure 3.2-33, the modulation
sensitivity of the eye was measured with near-
monochromatic red, green, and blue light (Ref. 36). The
authors concluded that when the test data were properly
corrected for the different optical transfer values due to
diffraction, there was no difference in modulation
sensitivity of the eye for the three colors.

Figure 3.2-40. Visual Acuity and Hluminant Wave-
length. In this study visual zcuity was measured with a
high-contrast square-wave grating {Ret. 48 B). The back-
ground luminance was increased at each wav:length condi-
tion tested to obtain maximum performance. Narrow-
band filters were used to limit the spectral ranges tested.

For the smaller artificial pupil, performance generally
dropped with increasing wavelength. Increasing the pupil
size at the longest wavelength essentially eliminated this
reduction in performance, indicating that the decrease was
due primarily to difiraction effects at the pupil.

The fact that white light produced nearly as good visual
performance as any other spectral distribution in this
study generally supports the conclusicn that there is no
benefit to providing a narrow spectral band ilfuminant as a
means of improving vision.

{The limitation imposed by diffraction on resolution is
discussed in Section 3.3.2).

LR T UNTTTE K - .




SECTION 3.2 ILLUMINATION

3.2.7.2 ULTRAVIOLET

RECOMMENDATION:

To ensure best vision, eliminate radiant energy with wavelengths shorter than 400 nm from the image.

The need to keep ultraviolet radiant energy shorter thun
315 nm below certain limits in ordes to prevent any
chance of injury to the user is discussed in Sectinn 6.8.
Ultraviolet radiant energy can also contribute directly to
a reduction in vision because it causes the lens, and to a
lesser extent, the cornea of the eye to “uoresce. This
appears to the viewer as a haze that fills his visual field
and reduces the contrast of the image he is viewing.
Radiant energy with a wavelength of 300 to 400 nm has
been reported o cause fluorescence in the eye (Ref. 49).
For most sources the amount of energy #* wavelengths
shorter than 400 nm will be much less ¢ the amount
near the center of the visible spec um. and the
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reduction in contrast will be correspondingly small.
However, since there is no need fur this loss, it should be
climinated by filtering to remove the radiant energy
shorter than 400 nm.

Many types of glass have low transmission in the
wavelength region below 320 nm, the spectral region
that causes eye damage (Section 6.9.1.2), and relatively
high transmission in the region just below 400 nm, that
causes fluorescence in the eye (Ref. 50).

The limitation of ultraviolet radiant energy for safety
purposes is treated in Sections 6.8.1.1 and 6.8.1.2.

Figure 3.2-41. Ultraviolet Qutput of an Incandescent
Lamp. Both fluorescent and incandescent lamps produce
sufficient ultraviolet energy to be sold commercially as
ultraviolet sources. The spectra! energy distribution for an
incandescent lamp spld with a filter tc eliminate radiant
energy fonger than about 5§20 nm is illustrated here (Ref.
51). Only a very small portion of the energy is shorter
than 400 nm. When this light is directed obliquelv into
the eye while viewing a normally illuminated scene, a very
distracting purple haze is produced.

This figure illustrates that even incandescent lamps have
the capability of providing sufficient ultraviolet radiant
energy to reduce visual performance. In most applications,
the reduction would probably not be very significant.




by e

SECTION 3.2 ILLUMINATION

3.28 LUMINANCF AND COLOR PERCEPTION

RECOMMENDATICN:

ot AV

Use the same image luminance levels for color imagery displays as are recommended in Section 3.2.6 for

achromatic imagery.

As in the case of achromatic imagery treated in Section
3.2.6, color vision improves with image luminance over
the: Juminance ranges tested. The limited test data
available are not adequate to specify a particular image
luminance that will yield maximum ability to perceive
color, so at this point the luminance recommendations
in that section are also the best that can be maie for
viewing color imagery.

The figures in this section illustrate that increasing the
luminance of a small turget increases sensitivity to a
difference in hue. Also, color imagery with a content
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typical of ordinary snapshots appears best when viewed
on o surface with a luminance of 2.400 to 4,800 cd/m?
(700 to 1490 fL). Figure 3.2-44 suggests that part of this
improvement muy have been due to the increase in
saturation of the colors in the imagery as image
lurinance increased. Failurz of the authors to specify
imagery density makes it impossible to deternine image
luminance. although one can perbkaps assume the density
did not differ from the density of colur aerial imagery.

Additiona! discussion of luminance and ¢™or perception
appears in Section 5.2.4.

Figure 3.4-¢7. Impact of Luminance on Hue Discrimina-
tion. In this study a single subject matched the hues of
the halves of a 50-arc-minute circular area viewed against a
6-degree equiluminous background (Ref. 562, C). A 2-mm
artificial pupil was used. There is some uncertainty about
the luminance units used by the experimenter, but the
values used here for retinal illuminance are probably
correct.

The smallest discriminable difference in hue decreased
markedly . “th each increase in the retina! illuminance of
the target area. The maximum retinal illuminance used,
96 Td, corresponds approximately to a scene luminance of
7 cd/m2 {2 fL) viewed with a natural pupil.

(2-76)

e o —




\4"

SECTICN 3.2 ILLUMINATION

3.2.8 LUMINANCE AND COLOR PERCEPTION (CONTINUED)
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Figure 3.2-43. Optimum Luminance for Displaying Color
Transparencies. in the study ilustrated here, five subjects
judged the quality of ten 200- by 25C-mm (8- by 10-in)
color transparencies mounted on an i‘luminator with the
range of luminanrces illustrated (Ref. 53, C). Image con-
ter:t was presumably typical of snapshots, not aerial photo-
graphs, and th quality criteria were presumably csthetic.
The transparencies probabiy included three different
unspecified kinds of film, and most were judged to have
been expo.:zd to within 1/3 stop of optimum. Density

was not specified. A xenon arc lamp was used. Luminance
color temperature was 5,000°K.

The 0.9 by 1.2m (3- by 4-ft) neutral surround had a lumi-
nance of 320 cd/m2 (93 L) and a solor terperature of
3,000°9K. Surround luminance had little impact on the
resuits. Testing with two subjects indicated that an
increase in surround luminance of 40 times only doubled
the cptimum illuminator tumiriance.

The best illuminator luminance was found to be between
2,400 and 4,800 cd/m2 (700 and 1,400 fL).

Figure 3.2-44. Impact of Luminance on Apparent Chro-
maticity. In the study summarized in the previous para-
graph, the effect of increasing illuminator luminance on
the apparent chromaticity of 11 areas in several different
transparencies was iso measured {Ref. 53,B). The arrows
illustrate the chromaticity shifts that occurred with an
increase in luminance. Movement toward the edge of the
chromaticity triangle indicates increased saturation and,
presumably, increased color contrast.

The failute to report imagery density makes it impossible
to determine image luminance in this study,

(These data are plotted on the CIE chromaticity diagram,
which is discussed in Section 5.2.1.3).
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SECTION 3.2 ILLUMINATION

3.29 ILLUMINANT SPECTRAL DISTRIBUTION AND COLOR PERCEPTION

"RECOMMENDATIONS:

Use an illuminant with a color temnperature of at least 5000°X in order to enhance discrimination of
colors in the yellow region of the spectrum.

If feasible, use an illuminant with the energy concentrated in three spectral bands centered on the
absorption peaks of the film dye layers in order to display colored areas with maximum contrast.

When color is intended to contribute to the detection of targets, compare different illuminant spectral
distributions on the basis of their contribution to increasing the contrast between typical target/

background combinations.

if the second and third recommendations above are not feasible, provide an illuminant with a color
rendering index of at least 90 as a last al*="native to placing no other restrictions on the illuminant spectral

distribution.

Provide an ifluminant that does not change spectral distribution as the intensity is varied.

The discussion in this section makes f<-uent use of The iinportance of considering the intended su:pose of
color terms and concepts explained in Section 5.2, and color in the imagery is illustrated by the fact that there
particularly in Sections 5.2.1 and 5.2.4. In n:ost cases, are already at least three it.dices of the quality of an
those explanations are not repeated here. illuminant spectral distribution (Ref. 54):

Proper limits en the illuminant spectral distribution in 4 ® The color rendering index (CRI) indicates how similar
color imagery display depend heavily on the contribu- a set of standard colors appear under the test
tion color is expected to muke to the interpretation illuminant and under a reference illuminant; this
process. Although the following two categories are index is discussed below.

highly oversimplified, and are combined in many inter-

pretation situations, they at least provide a convenient- ® The color discrimination index (CDI) indicates the
basis for discussing the problem. ’ average perceived difference between the colors in a

standard set when viewed under the test illuminant;

© Use of color as a means of increasing the distinctive- this concept is discussed below.

ness, or contrast, of target objec!s relative to their

background, thereby making them exsier to detect. ® The color preference index  (CPl) indicates how

closely the colors in a standard set viewed under the
® Use of color as an aid in identifying an object or area test illuminant are to their preferred appearance.
on e ground; this application implies that the color
will be quantified by visual matching or physical
measurement, or perhaps simply by comparing it with
remembered colors.

There is at present no official recommendation on the
spectral distribution of an illuminant for viewing color
imagery when the goal is to detect a ta-get or to
determine the color of an area on the immagery by visual
matching. The closest thing to a standard that exists is
the ANSI standard for viewing color transparencies,
which specifies an illuminant with a color rendering

Although this section considers both categories, the
emphasis is on increasing color contrast as an aid in
detecting a target. This topic is also summarized in

Section 5.2.3. The effect of illuminant spectral distribu- index (CR1) of 90 aud a correlated color temperature of
‘ tion on color matching is treated in detail in Section 50009K (Ref. 55). Although the specific basis for these
n 5.24.9. values is not given in the standard, they are apparently
3
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SECTION 3.2 ILLUMINATION

3.29 {LLUMINANT SPECTRAL DISTRIBUTION AND COLOR PERCEPTION (CONTINUED)

from studies such as the one summarized in Figure
3.2-44, which provided a small amount of evidence that
an illuminant with a color temperature of 5000°K is
more efficient than one with a color temperzture of
40009K or 60000K 1ef. 53 D). That is, the luminance
at which judged image quality reached a maximum was
about 5 percent lower for an illuminant color tempera-
ture oi SO00YK ihan for the other two values. The coior
temperature of the surround was either 2800YK or
6000°K. The quality judgements were based on esthetic
criteria rather than ability to detect targets. In other
words these data, and this standard are primariiy
concerned with whether amateur and commercial snap-
shots will have a pleasant appearance. Another ANSI
standard intended for appraising color quality and
uniformity in graphic arts materials may be moie
relevant (Ref. 56). It requires 4 5000VK illuminant for
companng original artwork against first proof prints, but
requires a much bluer light, with a color temperature of
7500°K, in order to enhance discrimination of the
yellow ink when final production prints are being
compared with approved samples.

Thrce aspects of the illuminant spectral distribution are
considered below:

@® The need for using a high color temperature in order
to discriminat= among yellow colors.

® The potential benefit of using a combination of three
narrow band sources as a means of increasing satu-a-
tion and color gamut.

® The need to compare illuminant spectral distributions
on the basis of their contribution to enhancing the
conirast of target objects.

The importance of using a high color temperatuie
illuminant can be seen most easily in the lower left-hand
part of Figure 5.2-13. This figure shows illuminant color
temperature plotted on the bSest available wniform
chromaticity scale (UCS). On this scale, the relative
number of discriminable saruration steps for any hue is
indicated approximately by the length of the line con-
necting the chromaticity of the iiluminant to the
spectrum locus. As can be seen in Figure 5.2-i3, a low
color temperature illuminant, such as a tygpical 3000CK
incandescent lamp, is very close to the yellow portion
of the spectrum locus, making it difficult to discrimi-
nate among various shades of yellow. Changing to a

3.2-39

higher color temperature illuminant moves the neutral
point away from the spectrum locus. increasing the num-
ber of discriminable steps in the yellow region. Some
microscopes that use an incandescent lamp for illumina-
tion include a blue filter for this purpose (see the ‘wo
bottom entries in Figure 3.2-45). There is no way to
set an exact Jower limit cn illuminant color temperature,
but it should probably be at least S0009K, and perhaps
even higher.

Color should make the greater contribution to distin-
guithing a target of one color from a background of
another if the color area, or gamut, of the display,
meusured in terms of discriminable color steps (as in
Figure 3.2-13), is as large as possible. For material such
as color film, this condition will occur when the
illuminant consics of three narrow spectral bands, one
centered at the peak of the spectral density curve of
each of the three dye layers (Ref. 5.2-17 covers the math
involved in this concept). Whether the increace in color
gamut will result in a significant improvement in
discriminability of colors has not been tested. One
problem witt be the reduction in the luminous efficiency
of the illuminant if the narrow spectral bands must be
obtained by filtering. It may be possible to obtain a
sufficiently good approxiniation to the three bands by
proper choice of the phosphors in a fluorescent lamp.
For example, there has been some success in designing
fluorescent lamps to increase the color gamut for
specific sete nf naint chips (Ref. 54).

One potential problem with this type of illuminant is
that relatively small changes in the balance between the
amount of energy in the three spectral bands will make
large changes in the color of the displayed image. These
changes will interfere with visual color matching (Sec-
tion 5.2.4) unless both the target and reference colors
consist of the same kind of film and are viewed under
the same illumir.ant.

Before considering the third aspect of illuminant spectra!
distribution, which follows directly from the discussion
of the second in the previous paragraph. it may be
helpful to review the purpose and development of the
color rendering index (CRI). Color shifts caused by
differences in the spectral distribution of illuminants of
equivalent chromaticity led to the establishment by the
Intarnational Committee on Hlumination (CIE) of the
CRI (Ref. 57). The CRI indicates the amount of color
shift in a sample of test objects illuminated with a test
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SECTION 3.2 ILLUMINATION

3.29 ILLUMINANT SPECTRAL DISTRIBUTION AND COLOR PERCEPT'ON (CONTINUED)

iluminant, relative to their colers under a standard
illuminant of the same chromaticity. The standard
dluminant is chosen to provide a continuous, relatively
smooth spectral energy distribution. Color rendering
indices are given on a scale of 0 to 1C0, with 100
indicating exact duplication of colurs and 50 represer.t-
ing the appearance of the test objects under a warm-
white fluorescent lamp.

The test objects used for the CRI are eight Mucbeth
color chips. The results ace therefore dependent on the
spectral reflectances of these eight chips. The CIE
recommends that special CRI's be derived for specific
applications where the Macheth chips could yield mis-
leading results. The viewing of color transparencies is
probably such  situation.

Derivation of a special CRI for viewing color imagery
would involve several steps, as shown below. Computa-
tionai details are available (Ref. 58).

® Select a representative sample of at least eight
imagery colors; these should be representative of
targ: ts typically of concern to interpreters.

® Determiue the spectral transmission of these targets,
as they appear in operational image.y.

® Determine the chromaticity of each target image,
when illuminated by standard and test illuminants.
(The CIE method reuires that these illuminants have
approximately the samne chromaticity.)

® Detennine the average color shift between the two
illuminants, in 1960 Uniform Chromaticity Scale
units (Figure 5.2-11).

{n addition to simply av»  -ng the chromaticity shifts,
as 1» uone with the general ', attention should be paid
to the direction of the shifts. Lamps with equal
chromaticities and CRI’s exist which, because they shift
the chromaticities of the Macbeth color chips in oppo-
site directions, produce significant differences in the
color of many surfaces (Ref. 59).

The third aspect of the illuminant spectral distribution
to be considered is its contribution to providing the

3.2-40

maximum contrast between each target and its back-
ground. Unlike the CRI, which is concerned with how
closely the color of some surface seen under a particular
illuminant matches its so-called true color, the inter-
preter is concerned with how noticeable the target is
against its background. This suggests the need for what
might be termed a color contrast discrimination index
(CColy.

Because, as Figure 5.2-1 illustrates, color includes both
chromaticity (hue and saturation) and a dimension
equivalent to lurminance, both chromaticity and lumi-
nance should be included in the computation of color
contrast. Because there is presently no good way of
combining them, it will be necessary to calculate them
separately and hope they don’t disagree on which
illuminant spectral dictribution i best.

The CCOI would be derived much like a special CRI,
with two major differences. First, the sample of colors
would consist of typical target/background pairings,
such as a ship on water, or a military vehicle on sand,
dirt, grass or concrete, as they would appear in opera-
tional imagery. Second, the values used to compute the
index would represent the contrast between each target
and its background, rather than their coior shifts.
Target/background separations on the uniform chroma-
ticity scale (UCS) would scrve for computing chroma-
ticity contrast, «. ieast until some better scale becomes
availatle, and luminance contrast would be computzd in
the normal fashion (Figure 3.1-10). To compute a single
quality index for a particular illuminant, nonlinear
weighting of individual pair contrasts might be needed to
take account of the greater importance of increasing low
contrasts as opposed to maintaining large ones.

Whether one uses the general CRI curzently available or
develops a special CRI based on imagery or a CCDI
based on contrast in the imagery, the question of the
impact a particular index value can have on display user
performance remains unanswered. Raising the required
value for any of these indices will generally increase both
the display purchase price and power needed to obtain a
particular image luminance. Performance data collected
in realistic work situations will te necessarv to deter-
mine if the cost is justified.
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SECTION 3.2 ILLUMINATION

3.2.9 ILLUMINANT SPECTRAL DISTRIBUTION AND COLOR PERCEPTION (CONTINUED)

REFERENCE SOURCE COLOR
COLOR RENDERING
LAMP TYPE TEMPERATURE| INDEX
: (degrees Kelvin) (CRI}
A0-WATT FLUORESCENT:
WARM WHITE PLANCKIAN 3000 53 ‘
WARM WHITE DELUXE PLANCKIAN 3000 77
COOL WHITE PLANCKIAN 4400 70
COOL WHITE DELUXE PLANCKIAN 4200 84 !
XCNON ARC DAYLIGHT 6500 94 1
METAL ARC PLANCKIAN 5000 n ‘
SUN GUN {INCANDESCENT) PLANCKIAN 3400 ‘o8
SUN GUN + BLUE FILTER DAYLIGHT 6500 87
*Planckian Source is defined in Section 8.0, Glossary.
Figure 3.2-46. Color Rendering Index (CRI) for Typical for exact work (Ref. 50}, As can be seen here, incan-
Lamps. This figure lists the color rendering index (CR1) descent and »enon arc famps have higher CRI values than
of several typical lamps, along with the color temperature do fluorescent ones, and the increase in color temperature
B of the reference source with which each lamp is compared achievea by the addition of a blue filter to an incan-
) when computing or measuring the CRI (Ref. 57). These descent lamp may be at the expense of a reduction in
color temperatures can be taken as applying to the lamps CRI. i

themselves, but much more complete iistings are available

Figure 3.2-47. Dye Characteristics of Typical Color Film.
The peaks of the density curves for the three dyes in

10
\ this typical aerial color film are at approximately 440,
650 and 670 nm. These are also the wavelengths of
08 itluminant radiant energy that will yield maximally satu-
rated image colors.
t 06
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SECTION 3.2 ILLUMINATION

3.2.10 TEMPORAL VARIATION

RECOMMENDATION:

Eliminate perceptible flicker from the visual field of the display user. In most, but not all situations, a
frequency of 80 Hz will be adequata. In many situations, a much lower frequency will be adequate.
{Cathode ray tube requirements are covered in Section 4.2.)

Few displays provide the user with an image in which
the luminance remains absolutely constant. Fluorescent
lamps have a large variation at 120 Hz, which is twice
the powerline frequency,v and incandescent lamps have a
similar bu; lower amplitude variation. Some fluorescent
lamps do not conduct equally in both directions,

introducing an additional 60-Hz variation known as a

subharmonic (Ref. 60). The output from speciaf control-
lable intensity sources and combinations of lamps can
vary at other frequencics.

If the frequency at which the luminance of a surface
varies is sufficiently high, it appears constant, while if
the frequency is too low, it appears to flicker. The point
of transition between these two cenditions is known as
the critical flicker frequency (CFF), the critical fre-
quency, or the flicker frequency.

Flicker is extremely annoying to many individuals and
should be avoided in an imagery display. This applies
both in the image area and in peripheral areas such as at
the extreme edgé of a light table, where the flicker may
distract the user from concentrating on the image.

There are too many variables that affect CFF to allow
setting a single value that can serve as a design limit in all
situations. A few of these variables are reviewed below.
Move thorough treatmert is available in other sources
(Ref. 61), including a fiterature survey that exceeds
1,000 articles (Ref. 62).

Simple square-wave or sinusoidal variation in luminance
is the most common in CFF research. However, many
other waveforms have been tested, and some of these
can have a significant effect on the results (Ref. 63).

The following very general principles hold in most
situations, thcugh not in all:

3.2-42

CFF increases as the luminance increases (Figure
3.2:47).

CFF increases as the size of the area being viewed
increases (Figure 3.247, 43, -50).

Depending on the viewing conditions, CFF may be
higher or lower in the periphery of the visual field
than at the fixation point (Figure 3.247, 48, -50). In
some situations, particularly when large areas are
involved, flicker is more noticeable in the peripheral
than in the central visual field.

CFF increases as the temporal modulation increases
(Figure 3.2-47, Part (d)).

CFF varies with the relative duration of the light and
dark intervals (Ref. 64).

There is considerable variation among individuals in
their sensitivity to flicker (see range data is Figure

3.2:51).

For test areas larger than 1 degree, the relative
luminance of the surround has little effect (Ref. 65).

Very brief, very high luminance flashes raise the CFF
more than would be predicted by the luminance
averaged over time (Ref. 64).

The apporent frequency of a flickering surface is not
a good cue to the frequency of luminance variation;
the flicker that occurs at a frequency just below the
CFF is usually perceived to be at about 20 Hz,
regardless of the value of the CFF (Ref. 66).

For most viewing situations a frequency of 60 Hz
does not appear to flicker: for surfaces larger than 20
degrees with a luminance greater than 340 cd/m2
(100 fL), 80 Hz is usually adequate (Ref. 67).
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SECTION 3.2 ILLUMINATION

3.2.10 TEMPORAL VARIATION (CONTINUED)

The chance of flicker occurring with fluores:ent lamps
can be reduced in several ways:

® Use a higher frequency power source.

® Shift the phase of the power to adjacent tubes
(Ref. 66).

® Select lamps that have little or no subharmonic
(60-Hz) variation in output.

@ Cover the ends »f the tubes, where the subharmonic
is usually higher than near the center (Ref. 69).

® Use lamps that incorporate longer persistence phos-
phors; these generally produce longer wavelengths,
and because of the resulting increase in red light these
lamps are usually known as “warm.”

The experiment described in Figure 3.2-S1 below pro-
vides a useful demonstration that the frequency at which
flicker is just perceptible (which provides the definition

of CFF in most studies) is not necessarily the same as
the frequency at which it is obvious or a problem. As
measured by having 20 subjects adjust the frequency for
a 17-cd/m2 (5-fL) surface that filled the visual field, the
average values for the four criteria were as follows
(Ref. 70,C): .

® Just perceptible (CFF) =70 Hz

® Just uncomfortable = 61 Hz

" ® Just intolerable = 56 Hz

The acceptability of a certain amount of flicker must be
expected to vary widely with particular circumstances.
In the absence of test data nroving that an adequate
proportion of the display user population does not find
a particular amount of flicker objectionable, the best
display design approach is still to ensura that it is not
perceptible; this makes the CFF as noimally defined the
best currently available criterion.




b TR

Eiiioina sat o

L -

SECTION 3.2 ILLUMINATION

3.2.10 TEMPORAL VARIATION (CONTINUED)
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Figure 3.2-47. Typical CFF Data. These four figures
illustrate how CFF increases with luminance {a,b,c,d),
target size (a,c}, and luminance modulation {d). Moduia-
tion in this situation is defined as:

M= Limax ~ b

Lmax + Lmira

min

Part (b} also suggests that CFF decreases with distance
from the fixation point. This has been found in some
studies, but the reverse has been found in many others,
particularly when a natural pupil is used rather than an
artificial one as in this study (Ref. 74). The results in Fig-
ure 3.2-50 are more appropriate to most flicker problems
in displays.
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SECTION 3.2 ILLUMINATION

3.2.10 TEMPORAL VARIATION (CONTINUED)

CRITICAL FLICKER FREQUENCY {Hz)

TARGET
DIAMETER
{degree):
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NASAL TEMPORAL
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90 60 30 0 3¢ 60 90

DISTANCE FROM FIXATION (degrees)

Figure 3.2-48. Effect of Target Size and Retinal Location
on CFF. This figure illustrates the change in CFF that
results from variations in the size of the test target and in

the location of the test target in the visual field (Ref.
75,B). The luminance of the test target was 110 cd/m2
(32 fL), and the light and dark durations were equal.
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Figure 3.2-49. CFF and Retinal Location. iIn the study
illustrated here, CFF was higher in some parts of the
periphery than at the fixation point {Ref. 76,C). Viewing
was with a natural pupil. Luminance was not reported.

Part (a) shows regions of equal CFF, plotted against the
visual field for one subject. A reduction in CFF occurred
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at the fovea and near the blindspot. The two curves in (b}
are based on the same subject and two other target sizes.
They can be compared with the CFF ranges for 12 young
test subjects measured at three retinal positions and a
fourth target size, 5 degrees.



SECTION 3.2 ILLUMINATION

3.210 TEMPORAL VARIATION (CONTINUED)

Figure 3.2-50. Effect of Target Size and Luminance on
TARGET LUMINANCE (fL) CFF. This figure illustrates the change in CFF that results
from variations in the size and luminance of the target
10?2 10" 10 10' 107 field (Ref. 76a,B). The upper data points are based on
only two, rather than three subjects, and are therefore
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%3 TOF  (degrees): e In another study, this author demonstrated that the CFF
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(a) Figure 3.2-51. Contribution of the Subharmonic. A
8.5-PERCENT SUBHARMONIC fluorescent lamp that is operating‘propgrly may appear
VARIATION IN LUMINANCE to flicker because of a subharmonic variation in fluminance
3 at the powerline frequency imposed on the basic lumi-
—_— nance variation at twice the powerline frequency. This
F occurs along the whole length of some fluarescent lamps,
f perhaps because the lamp is ucting like a rectifier, and at
w the ends of mcst (Ref. 69).
2
3 In (a), luminance variation over time is shown for a lamp
s with an 8.5-percent subharmonic (Ref. 77). Part (b),
, 3 which is based nn a 50-Hz powerline frequency such as is
used in Great Britain, shows the impact of a 50-Hz sub-
—| | = 10 MILLISECONDS harmonic at three luminance levels {Ref. 70,C). The test
> field in this experiment essentially filled the subject’s
TIME visual field. The subharmonic component that was just
perceptible dropped sharply with luminance, reaching a
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SECTION 3.2 ILLUMINATION

3.2.11 SPATIAL VARIATION

The several kinds of spatial variation that the designer
should consider in choosing the luminous energy
required to illuminate imagery are summarized below.

3.2.11.1 SIZE OF THE AREA ILLUMINATED

RECOMMENDATION:

When a small exit punil display device is used with a large luminous surface intended for direct viewing of
the imagery, as with a typical microscope/light table combination, provide a separate high-intensity light

source for the small exit pupil display.

Imagery displays that utilize a microscope for viewii.z at
high magnification, in combination with a light table for
viewing the imagery unaided or with a tube magnifier,
impose two very different luminance requirements.
When viewing the imagery without the microscope,
image luminance is simply the light table luminance
times the imagery transmission. If a tube magnifier is
used, its transmission must also be included, but it is
usually sufficiently close to unity that it can be ignored.

When the imagery is viewed with the microscope, the
image luminance is reduced by two factors. The first is
conveniently expressed as the ratio of the eye pupil area
for unaided viewing to the microscope exit pupil arez
(Figure 3.2-19). The second is the transmission of the
microscope, which may be quite low if the design is
complex. In a typical situation the microscope might
have an exit pupil diameter of 1 mm while the eye pupil
diameter under the particular illumination conditions
might be 3 mm, yiclding a reduction in image luminance
by a factor of 9. Assuming a fairly complicated
microscope containing an optical switch or two, trans-
mission might be only 50 percent, making the image
luminance in the microscope only 1/18 the image
luminance for direct viewing.

In addition to causing an undesirably large difference in
luminance as the user moves from microscope to light
table (Section 3.2.12), this means that the entire light
table surface must provide 18 times the amount of light
required for direct viewing. A much better approach is
to provide an intense small-area source that is kept
positioned in the microscope object field.

One way to reduce display cost and power consumption
is to illuminate only a portion of the standard I-meter
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length (40 in) commonly provided on present light
tables. This may be reasonable, since observation sug-
gests that most interpreters seldom use more than a third
to a half of the presently available length for viewing
imagery. An alternative approach that does not reduce
the options available to the display user is to provide a
sepatate high-intensity source for the microscope dis-
play, as is suggesied above. This will reduce the
luminance required across the light table surface, making
it less expensive to procure and maintain. Addition of a
means of turning on separate portions of the surface
jadependently will also reduce power consumption and
glare problems.

In most displays the imagery is illuminated by a source
that extends well beyond the edge of the display field.
At least part of the light from outside the field that
reaches the display objective lens is scattered across the
image, reducing its contrast. Unless it can be demon-
strated that this effect is not significant for a particular
display, then it should incorporate some means by which
the user can limit the illuminated area to the display
field, or shield the objective lens.

In some situations it is also possible to obtain a large
improvement in the transfer of contrast from imagery to
image by reducing the area on the imagery that is
illuminated to a small portion of the display field (Ref.
78). This improvement was probably due to the reduc-
tion in scattered light, although coherence effects may
also have occurred. While this reduction in field size is
not appropriate for most viewing situations, it may be
useful when studying especially important details.

mow——




SECTION 3.2 ILLUMINATION

3.2.11.2 UNIFORMITY

RECOMMENDATIONS:

Limit variation in luminance acrass the effective display image field and across the normally used portions
of a light table to 50 percent. (The luminance recommendations of Section 3.2.6 also apply to all

frequently used display areas.)

Limit variation in luminance across small portions of the display surface, such as the width of a single

lamp in a grid of lamps, to 10 percent.

Variation in luminance across the display can be
distracting to the user and, if extreme, will reduce the
usefulness of part of the display. Limitations on the
luminance fall off from the center to the edge of a
display of 50 to 67 percent have been propused (Ref.
79).

There is no known test data to establish the validity of
these or any other specific limit. Even the amount of
variation that can be detected is not known, one study
obtained a value of 2 percent over a 4-degree test field
(Ref. 80) and another obtained a value of 10 percent
independent of field size cver the ). to S-degree-field
size range tested (Ref. 81). The application of these
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values to a display image field subtending 40 to 60
degrees or to a 1m (40-in) fong light table is not obvious.
They may have more relevance to the problem of setting
limits on luminance variations over a small portion of a
display surface. For example, they imply that a grid of
fluorescent lamps used to illuminate the surface of a
light table should be spaced and diffused so that the
luminance variation does not exceed atout 10 percent.

In the absence of any test data, a maximum variation in
luminance across a display field of 50 percent is
suggested. This applies only to the portion of the field
over which image quality is 1seful, which does not
always inctude the entire display field.

Sna
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SECTION 3.2 ILLUMINATION

3.2.11.3 DIVERGENCE AND COKERENCE

The divergence of the light rays from a single point on
the imagery can be specified in terms of numerical
aperture (NA), defined just as for the case of an entrance
aperture. (Figure 3.2-18). The div.rgence of two typical
illumination sources is illustrated below. The theoretical
impact of the ratio of illumination source to display
numerical apertures on microscope resuition has been
developed (Ref. 82). Measurements on two standard
imagery displays, the Bausch and Lomb Zoom 70 and
the Wild MS microscopes, yielded some but not all of
the predicted effects, and it is not clear whether all the
observed effects were due to the ratio of the numerical
apertures or perhaps to reduction in scattered light
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through the reduction in the portion of the display field
being illuminated (Ret. 81).

Coherent illumination used in a properly designed
display should increase the contrast transfer at low
spatial frequencies at the expense of the higher fre-
quencies (Ref. 84). However, the diffraction pattern
visible around sharp edges and the grain in the imagery,
sometimes called “ringing,” sericusly reduces the accept-
ance of such displays by the users. Viewers have been
designed to eliminate this problem (Ref. 85), but it is
not known if they were successful.

Figure 3.2-52. Divergence for Typical Sources. The
upper portion of this figure illustrates the relative inten-
sity of the light leaving a single point on the surface of a
typical modern light table {Ref. 86). The light was from a .
claose-packed grid of tubular gaseous dischargs famps, dif-
fused by a sheet of translucent plastic.

The lower portion illustrates similar data for a high-inten-

sity source mounted on the same light table. The light
was produced by an incandescent lamp and partially
collimated with a lens, after which it passed through the
same transiucent diffuser as in the upper example.

The scales are distorted in this illustration, the peak
intensity of the fower source being approximately 25
times that of the upper.
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SECTION 3.2 ILLUMINATION

3.2.12 GLARE

RECOMMENDATIONS:

Eliminate surfaces with a luminance greater than twice the image luminance or less than about one-tenth

the image luminance from the display user’s visual field.

Eliminate small intense sources that might cause glare.

Prevent images of room lights from appearing on imagery and screen surfaces.

Evaluate the use of small, semitransparent apertures as an aid in viewing dark areas surrcunded by light

areas such as clouds or snow.

Be particularly careful to eliminate glare sources in displays used by older individuals.

The ability of the display user to see details in imagery
will be reduced by glare and by veiling luminance. As
used here, veiling luminance is light scattered across the
image that causes a reduction in image contrast, while
glare is any light or absence of light that reduces ihe
ability of the display user to resolve details present in
the displayed image. Glare, while it may reduce the
contrast of the retinal image, has no effect on the
contrast of the image in the display (Ref. 87). Glare is
covered in this section, and veiling luminance in the next
(3.2.13).

There are several common sources of glare in an imagery
display:

® Uncovered portions of the light table surface within
the user’s visual field as the imagery is viewed directly
or with a tube magnifier or microscope

® The higher luminance of imagery on the light table
surface, which is seen peripherally as a much lower
luminance image, is viewed centrally in a display such
as a microscope that has low transmission or small
exit pupils. (See Sections 3.2.3 and 3.24 for a
discussion of how display image luminance is reduced
in proportion to display exit pupil size; this might
occur, for example, when a microscope is used
without eyecups on a large light table.)

® Images of room lights or other highly luminous
surfaces reflected from the surface of the imagery

® Low density areas such as clouds or snow surrounding
a dark target area on the imagery, or a dark area
containing small low density areas

The first three sources of glare can be eliminated by
properly locating and shielding potential glare sources.

Light tabies should be designed so that any luminous
area not covered by a particular imagery format can be
shielded. In the absence of this fcature, cardboard and
masking tape will continue to make a significant
contribution to the display user’s work environment.
Potential trouble from room lighting can be evaluated by
treating the imagery on the light table or the surface of a
projection screen as if it is a mirror and considering
whether it will provide the user with an image of any
room lights or other high-luminance surfaces. Methods
of shielding room lights are given in Section 7.3.

A shield close to the eyepiece of a micioscope-type
display is usually essential to eliminating glare, particu-
larly if any of the luminous surface supporting the
imagery is visible from this area. Many styles of eyecups
and eyeshields have been built, and none seems to satisfy
everyone, particularly spectacle users. The best solution,
in addition to minimizing the luminous surface area
visible from the user’s eye position, is to provide as
many different designs as possible and let each user
choose the one that works best for him.

The fourth source of glare being inherent in the
imagery, can only be corrected by manipulating the
imagery area displayed to the user. One approach, if the
imagery is accessible, is a thin plastic or metal sheet
containing a series of different sized apertures. By
vlacing this on the imagery with an appropriate sized
aperture centzred on the area of interest, light from the
surrounding area can be reduced or eliminated. An
opaque material would probably be easiest to fabricate,
but a- semitransparent material would eliminatc the
reduction in vision apparent with very dark surrounds in
Figures 3.2-53 and -55 below. A second approuch is to
place an adjustable aperture in the illumination system
that can be used to limit the area on the imagerv that is
illuminated.
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SECTION 3.2 ILLUMINATION

3.212 GLARE (CONTINUED)

Two kinds nf display fermats are commonly used in
glare research. One involves a target seen against a very
small background witn a relatively large surround that
has a luminance much different than the background.
This research, some of which is illustrated below,
indicates that for backgrounds subtending only a degree
or so, raising the luminance of the surround above that
of the background by a factor of 2 or 3, or redu- ing it
by a factor of 2 in one experiment and considerably
more in others makes the target more difficult to
resolve. These effects are smaller for larger backgrounds
and for smaller surrounds.

This research suggests that the luminance of the area
surrounding a small important detail should be approxi-
mately the same as the immediate background area and,
in particular, should not be more than twice nor less
than one-tenth the bacikground value.

The reduction in vision when the surround luminance is
greater than the background luininance can be
explained, not necessarily correctly, in terms of light
scattered across the retinal image of the target. Since this
explanation does not apply to the vision loss for dark
surrounds, some other factor, possibly neural, must also
be operating.

The second common kind of glare research involves
measuring the reduction in vision that results from one
or more small, intense sources in the visual field. The
impact on vision in. this case depends on the illuminance
caused by the glare source at the eye, relative to the
luminance of the target, and on the angular separation of
the glare source and the target. In general, glare sources
of this type reduce the visiblity of a target more as (Ref.
88):

@ Glare source luminance increases,
® Area of the glare source increases,

® The distance between the glare source and the target
decreases, and

® The target becomes more difficult to see because of a
reduction in its size or contrast.

3.2-561

Much of the recent work in this area has been in support
of the llluminating Engineering Society (IES) effort to
develop better lighting recommendaticns. Reviews of
this and earlier work are available (Ref. 89).

Direct quantitative application of the results of this kind
of glare research is very difficuit. However, to the extent
possible, all such glare sources should be eliminated from
the displz-- aser’s visual field.

A phenomenon related to glare is the reduction in visual
ability that occurs for a brief interval following a sudden
change in image luminance. This loss is obvious in
everyday situations such as driving into a dark tunne! on
a sunny day or exiting from « dark theater into the
afternoon sun. It occurs because the eyes require a finite
amcunt of time to adapt ‘- the new luminance.
Unfortunately no data are available on the duration of
this loss, but in one series of studies in which measure-
ments were made 0.3 second after the luminance cha~ge,
contrast threshold after the luminance was doubled was
7 percent worse, and after it was cut in half it was 17
percent worse (Ref. 90,B). For luminances up to 1,370
cd/m? (400 fL), the loss was relatively independent of
the initial luminance value.

Without additional data it is impossible to know whether
this effect lasts long enough to be of any significance to
the display user. If it does persist more than a second or
so, it should be considered when deciding what limits to
place on potential glare sources.

Glare becomes more troublesome for individuals past the
age of 40 (Ref. 91). This is apparently the result of
changes in the ocular media of the eye.
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3.2.12 GLARE (CONTINUED)
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Figure 3.2-53. Visibility of Landolt Rings. One type of
glare experiment, illustrated here, involves a target seen
against a small background (G) contained in a relatively
large surround (S). For small backgrounds, such as those
used in the two studies summarized in (b), (c}, and (d),
vision was best when the surround luminance was equal to
or slightly less than the background. Performance dropped
sharply when the surround luminance exceeded the back-
ground by a factor of only 2 or 3, and when it hecame
very dark.

3.2-52

The curves in {c) show two effects. First, the impact of
changing the ratio of surround to background luminance
was greater for a 120-degree than for a 6-degree surround.
Second, so long as the surrcund luminance does not differ
from the background by a factor of more than about 10,
there is considerable benefit from increasing the siza of
the surround. Another way of describing this second
effect is to note that whatever the experimenter chooses
to call the surround, the visual systemn apparently
responds to an area larger than 6 degrees. (The area out-
side the surround was probably dark, but it is not possible
to be certain from the available reports.)
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3.2.12 GLARE (CONTINUED)

{REF. 94, C}
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Figure 3.2-565. Contrast Threshold. The experiment illus-
trated here was very similar to those described in the pre-
vious figure, except that the target and background were
replaced by two adjacent rectangular areas, and the
smallest detectable luminance difference betwaen them
was measured. The results were similar to those in the
previous figure, but the impact of a small reduction in
backgroiind luminance was considerably larger.

Y

3.2-53

Figure 3.2-54, Visibility of Landolt Rings. The effect of
surround to background fuminance ratio was smailer in
this experiment than in those described in Figures 3.2-63
and -55. This may have resulted from the farger back-
ground used here.

The effect of the surround was essemially the same
throughout the full range of background sizes, 5 to 45
degrees; the authors suggest that this could have resulted
from an artifact in the experimenrtal design. Because of
the many differences, it is difficult to make a direct com-
parison with the other experiments.
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3.213 VEILING LUMINANCE

RECOMMENDATIONS:

Reduce veiling luminance to a minimum with antireflection coatings and screens,

Locate optical surfaces so that there is a minimum chance of fingerprints ana dirt that would cause veiiing

luminance.

Eliminate potential sources of veiling luminancg; in the case of a microscope used to view film on a light
table, this may mean restricting the region of intense illumination to tha area viewed by the objective lens.

As is discussed in Section 3.2, the term veiling luminance
applies to any light that is spread across a significant
portion of the displayed image and thereby contributes
to a reduction in image contrast. Common sources of
veiling luminance include the tollowing:

® Reflections from optical surfaces and support struc-
tures inside tne display. A significant portion of this
light may originate outside the object field of the
display, particularly if the illumination source is only
slightly collimated (Section 3.2.3).

@ Defects on the optical surfaces, such as fingerprints,
tnat scatter light

® Reflections from the several surfaces of a screen
display. (Specular reflections that fall to one side of
the area the user is studying, rather than directly on
it, are glare, not veiling luminance, and are treated in
Section 3.2.12))

® Light that illuminates the surface of the display user's
eve and surrounding facia! area and travels from there
to the surface of the eyepiece, where it is reflected
back into his eye.. The most common source for this
light is inadequately shielded light table surfaces.

Veiling luminance is not necessarily uniform, and may in
fact appear as a ghost image of an intense source. A

;
3]

$ONTHAST WITH

HUMBPRINT CONTRAST WITH

EENNOBJECTIVE ¢ I CLEAN OPTICS
S

OBJECTIVE FOCAL LENGTH:

e 4 MM
+——416 mm
- <32 mm
H 1 1 1 1 1 —1
0.4 0.6 0.8 1.0

RATIO OF CONTRAST IN MICROSCOPE
IMAGE TO CONTRAST IN TEST TARGET
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simple example not involving a display is the image of a
ceiling luminance reflected from the surface of directly
viewed film, as in Figure 7.2-5. If such an image appears
to one side of the area being viewed, it does not reduce
‘mage contrast and its primary impact is as a sowrce of
glare. The topic of glare is covered in Section 3.2.12.

The importance of keeping optical surfaces clzan in
crder to obtain maximum image contrast is iliustrated in
Figure 3.2-55 below.

Many specular reflections from display screens can be
1educed or eliminated by properly orienting the screen
relative to the user and the offending iight sources.
Placement of the screen perpendicular to the user’s line
of sight should be avoided because it can reilect an
image of his face. Specular reflections can also be
significantly reduced by the use of antireflection coat-
ings and polarizing screens (Ref. 96).

The illuminance incident on a rear projection or cathode
ray tube (CRT) screen is reflected diffusely at the back
surface, where it strikes the material that spreads the
image-forming light if it is a rear projection screen or
the phosphor if it is a CRT. The amount of diffusely
reflected light that reaches the eye can be reduced by
use of a low transmission layer in the screen. This
reduces the ratio of veiling luminance to image lumi-
nance because the former musi pass through twice while
the latter goes through only once.

Figure 3.2-65, Reduction ¢¢ Image Contrast by a Thumb-
print. Foreign material sucls as a fingerprint can seriously
reduce image contrast, The test object in this study con-
sisted of an opaque disc oine-tentl. the diameter of the dis-
play field, surrounded by an evenly luminous area that
extended well beyond the display field {Ref. 97,D). The
condenser was set to full aperture. Contrast was measured
photometrically.
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8

d = Z (‘nL". where

n=0
d = pupil diameter in min,
L = logluminancein «d/m=,
Co =  5.638800
¢y = =0.567400
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ZOr =~
goe T4
wenonon
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SECTION 3.3 ANALYSIS OF DISPLAY PARAMETERS

This section is addressed to two basic questions facing
the display designer.

® What display image quality is required?
® What magnification is required?

Some of the many analytical approaches that have been
used in attempting to determine display image quality
and magnification requirements are summarized below.
So long as one starts with reasonably good information
about the imagery being viewed, then these techniques
provide considerable insight into the relative importance
of different display parameters. However, the validity of
the answers obtained is severely limited by the absence
of established techniques for including the reduction in
vision caused by the grain in the imagery. The available
information on this topic is discussed in Section 3.3.5.
The display quality should not significantly reduce the
information the user can extract from the imagery. The
meaning of “significant” depends both on the impor-
tance of the information and the ease with which better
quality, larger scale coverage of the same target-area can
be obtained.

Display image quality requirements interact with display
magnification. Increasing the display magnification
makes smaller details visible, at least up to the limits set
by factors such as diffraction (Section 3.3.2) and by
modulation transfer losses in the display (Section 3.3.3).
At the same time, increasing magnification interferes
with use of the display by reducing both the depth of
focus and the imagery area visible within the display
field.

The minimum magnification that must be provided is
affected by many of the same factors that influence
minimum display field size (introduction to Section
3.6). That is, the display user needs to view some

3.3-1

minimum imagery area within a single field of view. This
area is usually much smaller if unaided viewing of the
imagery is possible, as on a typical microscope/light
table combination, than if it is not, as on a rear screen
projector. This is discussed further in Section 3.3.1.

At the other extreme, the maximum magnification
should be high enough to not impose any limit on the
smallest or lowest contrast details the user can see in the
imagery. Approaches to establishing maximum useful
magnification are discussed in Sections 3.3.2 and 3.3.3.

It is assumed in this section that the quantity of light
reaching the retina is adequate to achieve maximum
visual performance. If not, then evaluation of parameters
that can change retinal illuminance, such as display exit
pupil size, must include possible reduction in visual
ability from low light level (Section 3.2.7).

It is likely that many users of modem high-quality
binocular 1magery displays suffer less from inadequate
image quality than from poor tegistration between the
images presented to the two eyes. (Registration require-
ments are discussed in Sections 3.7.4 and 3.7.5)
Designing to achieve adequate registration between the
two images when the display exit pupils allow significant
head movement is often made more difficult because the
registration varies with eye position. Techniques such as
the computer program developed by Freeman at Pilking-
ton Perkin-Elmer Ltd. to calculate and display the distribu-
tion of aberrations and misregistration across the image
field should make it easier to meet design goals in this
area (Ref. 1).

The ideas in Sections 3.3.2 and 3.2.3 are developed
much more thoroughly in a number of other sources
(Ref. 2).
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SECTION 3.3 ANALYSIS OF DISPLAY PARAMETERS

3.3.1 MAGNIFICATION UNITS AND REQUIREMENTS

This section defines magnification (Figure 3.3-1) and
considers the minimum range and methods ¢! adjusting
magnification. Analytical approaches used to determine
the maximum useful magnification are given in Sections
3.3.2 and 3.3.3. These techniques are helpful in that
they provide some insight into how magnification
interacts with other display parameters. However,
because they have not yet been applied to the viewing of
objects containing grain, they do not at present provide
an adequate basis for selecting a specific value when
grain is a significant factor in limiting the quality of the
imagery. 1

One common approach to estimating the display magnif-
ication :equired is based on knowledge of the resolution
capability of the display in terms of resolvable cycles per
millimeter per magnifying power. For example, if the
resolution of the imagery is 50 cycles per millimeter and
the display is capable of resolving S cycles per millimeter
per magnifying power, then a display magnifying power,
or magnification, of 50/5 = 10X is required. Although
useful for some purpcses, this approach does not treat as
many of the variables involved as do techniques such as
those described in Section 3.3.3.

Most imagery displays incorporate a range of magnifica-
tion. There are basically two options for the mecharism
that changes magnification. A zoom system provides
infinitely adjustable control, while discrete lenses, usu-
ally mounted in a rotary turret, allow stepwise changes.
The zoom system is generally preferred by users,
probably for its convenience and because it allows
magnification to be changed without blocking sight of

the image. For stereo viewing (Section 5.1), zoom
permits magnifying the two members of the stereo pair
differently to compensate for scale differences. For
monocular viewing, there are no experimental data to
support either approach over the other. The only known
test required interpreters to use either a zoom or a
discrete magnification display to search two kinds of
imagery for targets (Ref. 3,C). Under some of the test
conditions, magnification was adjusted slightly more
frequently with the zoom system, and it resulted in a
very slightly better accuracy score. These differences,
liowever, were not significantly different than would be
expected from chance variations in performance, which
led the authors to conclude that under their work
conditiuns there was nothing to be gained from either
system relative to the other.

Minimum display magnification is determined largely by
the size of the largest area that must be visible to the
user at one time and by the display field size. Because
the need to view an imagery area of a particular size is so

" task dependent, there is no yeneral analytical solutior. A

few of the variables involved are treated in Section 3.5.
In most cases, however, the designer must depend
heavily on statements by potential users regarding what
they want and what is currently satisfactory. In most
cases, the minimum display magnification required will -
be lower if the interpreter can only view the imagery in
the display than if he can view it unaided in order to
read edge labeling and to obtain a general impression of
content and quality.

()
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SECTION 3.3 ANALYSIS OF DISPLAY PARAMETERS

3.3.1 MAGNIFICATION (CONTINUED)

{a)
AERIAL h i
IMAGE 0 I m
DISPLAY \; H MAGNIFIED
o \ [
a4 PS>
h" ’::::"”/
i ,:',:,4’ MICROSCOPE
. "0 DISPLAY
-7
-
M-MP-hilho'lanCl' I'anao 250 mm
j—————— 260 MM ——————— |
REFERENCE
h
220 aof REFERENCE
nm
{b)
SCREEN "
DISPLAY 0 ! \ TV CAMERA TUBE
)
. AT 375 mm -
. / By
~— e o remmorrmargme)

v MAGNIFIED
N
e 260 mm ———————"
ho4
Gg
M= halhg REFERENCE
M9375 =tana , / tan@t 0" {250/375) M = 0.67 M
le——375 mm
e} j¢—250 mm
UNAIDED h n N je——125 mm
VIEWING 0 4 04 04
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MP375 MPas0 MPy2g

-tanu1ltanuo -tanaoltanuo -tanazltanao

= 260/375 = 2650/250 = 250/125

= 0.67X = 1X =2X
M =  Magnification
MP = Magnifying power at the viewing distance indicated by the subscript
ho = Height of an object
h.', h2 = Height of images of ho
a = Angular subtense of object or image

rigure 3.3.1: . Magnification and Magnifying Power {continued on following page)
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3.3.1 MAGNIFICATION (CONTINUED)

Fure 3.3-1: Magnification and Magnifying Power. n
order to analyze an imagery display, it is sometimes neces-
sary to distinguish between magnification and magnifying
power. These are defined as follows;

® AMagnification is the ratio of image to object size, with
size expressed either as linear extent or as the tangent
of angular subt:znse.

® Magnifying power is the ratio of the retinal image size
of an object in a particular viewing situation to its
retinal image size when it is located at a standard, or
“reference’” distance from the eye. Although the refer-
ence distance is arbitrary, a value trat corresponds to a
nominal near point for visual work, 250 mm (10 in}, is
nearly always used (Ref. 4).

Part (a) shows a typical aerial image display. So long as
the manufacturer used the standard reference distance of
250 mm (10 in), the magnifying power for this type of
display is the same as the magnification engraved on the
display and the two terms can be used interchangeably. As
the equations illustrate, magnification is the ratio of image
to object size,tan @ /tan @ . It is also the ratio of

the length >f an imaginary image, hy, located 250 mm {10
in) from the eye and defined by the central ray entering
the eye, to the length of the object, hg.

3.34
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Part (b} shows a typical screen displuy . For a screen dis-
play, the magnification is usually given as the ratio of
object to screen image lengtih, ho/hy. Retinal image size,
and therefore magnifying power also, vary with distance
from the screen. The magnifying power due just o view-

ing distance in this exampfe is 250/375, r - 0.67. The mag-

nifying power for the display, as viewed from 375 mm, is
tana 2/tan agor (250/375) (h2/h0), or 0.67 M.

Part {c) shows how magnifying power varies with viewing
distance for unaided viewing. {f the object being viewed is
closer than 250 mr1 {10 in), the magnifying power is
greater than unjty, while if the distance is further than
250 mm, it is less. A young individual who can accom-
modate an object at a distance of 125 mm (5 inj is there-
fore effectively using a magnifying power of 2X. A mag-
nifier will there? *,e provide him with only half as much
increase in retinal image size as it will for an individual
who must view the cbject unaided at a distance of 250
mm (10 in).

Note that in this figure the ratio of the tangents of two
angles is approximately the ratio of the two angles, so
long as the angles are small.

.. '
AT Bkt il

PR

[EPTUNIY SR S NPT AT TP P it

P

e e A e .1 £ Ty Y o MR . e




SECTION 3.3 ANALYSIS OF DISPLAY PARAMETERS

3.3.2 DIFFRACTION LIMIT TO USEFUS., MAGNIFICATION

A useful starting poin: for an analysis of an opticasl
display is to assume that everything will go the way it
should and the display will perform as well as the latvs of
physics allow. If this happens, the performance limita-
tions are set by diffraction and the display 1s said to be
diffraction limited. In a diffraction-limited display,
knowledge of the size of the limiting uperture allows one
to calculate the distribution in the image plane of the
light from a single point in the object plane.

The next four figures develop the concept of a difirac-
tion-limited display system and the following two relate
this concept to what the user can see in the display. In
general, the discussion assumes that the basic limit o..
the display is the maximum numerical aperture that ¢can
be obtained. As with most imagerv displays, the illumi-
nation is assumed to be incoherent and relatively diffuse.
(See Section 3.2.11.3.)

One of the applications of the concepts developed in this
section is to estimate the upper limit of useful magnifica-
tion for a display. As the figures in Section 3.1 illustrate,
larger image features can be seen at lower contrast, at

OBJECT OBJECTIVE
(IMAGERY) LENS
PLANE EYEPIECE _gx)T
\ PUPIL
—— [
' o /) Lot t

"

0.5p M p M
n0- —8 . . 4
NA =1 sin0 350 500

. _1_(Rel @)
EFFECTIVE / NUMBER = 3=

M . S00NA
Py
py - HENA
NA M
py 500

NA = numerical aperture
] = half the acceptance aperture angle
Py = display exit pupil diameter (mm)

M = display magnification
n = index of refraction = 1 if object is in air
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least up to the point where a half cycle subtends a visual
angle of perhaps 20 arc minutes. Further increase in size
beyond this value appears to decrease visibility. Increas-
ing display magnification increases the size of details in
the imuge, but so long as the numerical aperture (NA) is
fixed, because of diffraction it also increases the blur in
the image. When the blur beromes too large, the
usefulness of further increases in magnification is
negated by the parallel increase in blur. This magnifica-
tion s referred to as empty magnification. Typically any
value in excess of 1,000 NA is called empty magnifica-
tion (Ref. 5). In a more geneidl sense, any increase in
display magnification that does not result in an increase
in what the user can see in the imagery can be said t be
empty magnification.

In some ways the prevalence of the empty magnification
concept is unfortunate. Because it is generally based on
vision (st data obtained ‘ith simple high-contrast
targets, it does not necessarily describe performance for

" complex scenes. Also, it does not provide a means for

handling the effect of optical defects in the display, such
as aberrations and scattered light. Finally, it does not
include the impact of film graii.

In order to understand the limit imposed by diffraction
on optical display performance, it is essential to know
the relationships among three display parameters,
numerical aperture, magnification, and exit pupil size.
These are summarized in Figure 3.3-2.

Figure 3.3-2: Numerical Aperture. The angular size of
the bundle of light rays that is accepted by the display
objective lens is generally expressed as either the numeri-
cal aperture (NA), or the effective f number, defined as
itlustrated here. Numerical aperture, exit pupil size, and
display magnification are related by the equations shown
(Ref. 2). These relationships are basic to an understand-
ing of how diffraction limits display performance.

NOTE: The effective f number is equal 10 the f number
only for the special case where the objec:t is in the focal
plane of the objective lens (Ref. 7).
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SECTION 3.3 ANALYSIS OF DISPLAY PARAMETERS

3.3.2 DIFFRACTICN LIMIT TO USEFUL MAGNIFICATION (CONTINUED)
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Figure 3.3-3: Relationship of Display Parameters. The
relationship of display numeric. | aperture, magnifica-
tion, and exit pupil size is illustrated here. Values for
several microscopes typically used to view imagery which
have continuously variable magnification (zoorn) systems,

and for microscopes typically used for laboratory work
are included for comparison {Ref. 8). Note that both
types of microscopes tend to maintain exit pupil

size by increasing numerical aperture as magnification
is increased,
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SECTION 3.3 ANALYSIS OF DISPLAY PARAMETERS

3.3.2 DIFFRACTION LIMIT TO USEFUL MAGNIFICATION (CONTINUED)

AIRY
DISC

RELATIVE LUMINANCE

PATTERN /5

f JAIRY DISC DIAMETER
; IN OBJECT PLANE {nm):

1.22
NA

a = (Ref. 10)

AIRY DISC DIAMETER IN
{MAGE SPACE

farc minutes):
a - 00%92M pet 11
NA

_ 46
p

a

N\ * WAVELENGTH OF LIGHT

NA = Numerical Aperture

-

= AIRY DISC DIAMETER

{value used here is 550 nm)

= DIAMETER OF LIMITING PUPIL
{in display or eye, depending on
which is smaller)

= Magnification

RAYLEIGH CRITERION

—— e (0 /2

3.3-7

Figure 3.3-4: Diffraction and the Airy Disc. Ideaily,
the light from a single point in the object plane would
fail on a single point in the image. However, even if the
display is opticaily perfect, diffraction will cause the
light to be spread over a finite area in the image. This
area is known as the Ai y disc.

The luminance distribution in the Airy disc for a brighi
point is iltustrated here (Ref. 9). Most of the light falls
in the central area, which is surrounded by a series of
concentric dark and light rings. Only the first light ring
is shown. Regardless of how well the display is made,
the size of the Airy disc sets a limit to how precisely the
imagery is reproduced on the retina of the display user's

eye.

The size of the Airy disc is conventionally defined as
either the diameter or the radius measured to the center
of the first dark ring. The diameter is used in this
document,

The equations that relate the diameter of the Airy disc
in image and object space to the magnification, numeri-
cal aperture, and exit pupil diameter of a microscope-
type display using incoherent illumination are included
in the figure, If the display pupil happens to be larger
than the eye pupil at the particular image luminance
condition in use, then the eye pupil is the limiting
aperture and determines the size of the Airy disc.

Figure 3.3-5: The Rayleigh Criterion. The luminance
distribution in the image produced by a diffraction-
limited display depends on the luminance distribution in
the Airy disc corresponding to each point in the object
plane of the display. The luminance distributions for two
adjacent luminous points separated by the radius of the
Airy disc, a/2, are illustrated here. This particular separa-
tion is known as the Rayleigh criterion.

Two points or lines can be resolved as two rather than as
one if the image luminance somewhere between them
drops sufficiently below the maximum image luminance
of each. For many viewing situations, though not for all,
they will be resolvable as two at a spacing slightly smaller
than the Rayleigh criterion (Ref. 12).
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SECTION 3.3 ANALYSIS OF DISPLAY PARAMETERS

3.3.2 DIFFRACTION LIMIT TO USEFUL MAGNIFICATION {CONTINUED)
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Figure 3.3-6: Relation of Visual Performance to the Ray-
leigh Criterion. Ability to resolve details at different dis-
play pupil sizes as measured ir five different experiments
is compared here with the Rayleigh limit (Ref. 13,X). The
vertical axis is linear for visual acuity, which is the recipro-
cal of the smallest resolvable visual angle in are minutes.
As a result, the Rayleigh fimit plots as a straight line in

this figure.

Although it was somewhat conservative, the Rayleigh
limit generally described the visua! performance data

adequately up to a pupil diameter of about 2 mm.
Beyond 2 mm, visual performance remained relatively
constant. Because of this relationship, it is common to
treat the eye as if it is diffraction limited for pupil
diameters of 2 mm or less. Although theories are abun-
dant, it is not yet certain whether the eye deviates from
the diffraction limit beyond 2 mm because of aberra-
tions or simply because of limitations in retinal sensitiv-
ity (Ref. 10).
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SECTION 3.3 ANALYSIS OF DISPLAY PARAMETERS

3.3.2 DIFFRACTION LIMIT TO USEFUL MAGNIFICATION (CONTINUED)

L e o e

Figure 3.3-7: Variation in Visual Performance with Dis-

PRODUCT OF DISPLAY MAGNIFICATION play Pupil Size. Visuai performance as a function of
AND NUMERICAL APERTURE display pupil size is illustrated here (Ref. 5,C). These data

3.000  1.000 300 100 are not significantly different from those reported in Sec-

T

p———

10

TTrrr 1 T trrey

AIRY DISC :

tion 3.1.9 er:ept that they describe detection of a single
DIAMETER point, rather than resolution of paralle! bars. However,
{calculated from they extend down to a smaller pupil size, and the fact that
Figure 3.3-4) i they can be fit with two straight lines on a log/log olot

1 makes them convenient for the present application. The
two straight lines, though a good visual fit for the
reported data, are most likely an artifact of the small
amount of data involved; more data would probably yield
a smooth curve.

SMALLEST
DETECTABLE
TARGET

DIAMETER

(arc minutes)
-

The display was a good quality telescope. Numerical
aperture was varied by different sized apertures

DARK DISC TARGET; placed over the objective lens. Different power eye-

1 SUBJECT: pieces were used to magnify the target disc and the
RETINAL ILLUMINANCE - 5000 Td ] Airy disc associated with it. The pupil size range was
from less than 0.1 mm to over 8 mm. The subject’s

3 0.1 Lo 31 pisdgy 414 gty task was to locate an opaque disc in one ot four loca-

3 0.1 0.3 1 3 10 aons. -Except for the reversal in target polarity, the task
is quite similar to that used by Blackwell (Fiqures 3.1-16
DISPLAY PUPIL DIAMETER {mm) and 3.2-30).

SIZE IN IMAGE SPACE

T T rrYTTrY

0.3

T
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.

. The size of the smailest detectable target in image space

. ) decreased rapidly with increasing pupil size until the pupil

(a) PRODUCT OF MAGNIFICATION diameter reached about 0.55 mm. As the upper scale shows,
AND NUMERICAL APERTURE this corresponds to a magnification of 900 NA,

3,000 1,000 300 100
L LS

L] mwrrreoTeT L LB

AIRY DISC DIAMETER

} AND

Figure 3.3-8: Determination of Useful Magnification.
The data in the previous figure are piotted here with size
expressed in terms of the linear distance on the imagery

] {Ref. 14), rather than as a visual angle in the imag «
Numerical aperture is assumed to be fixed, which neans
that magnification varies inversely with pupil size and the
size of the Airy disc on the imagery is constant (Figure
3.3-4). Part {a) shows the general case for any numerical
aperture, while (b) shows only the performance data for
several specific values of numerical aperture.
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SMALLEST
DETECTABLE
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DIAMETER

roe

NUMERICAL APERTURE
o

PRODUCT OF SIZE IN
OBJECT SPACE {u
L1 ilit
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0.03 A L1 2111ty At 1 b il

o 03 ! 3 10 As the test data show, ability to detect the target
DISPLAY PUPIL DIAMETER {mm) increased as magnification increased up to 900 NA and as
E i the pupil diameter decreased to 0.55 mm. At this point
{b) PRODUCT OF DISPLAY MAGNIFICATION the diameter of the Airy disc was approximately 15 times
AND NUMERICAL APERTURE the diameter of the target disc. In other words, the target
3,000 1,000 300 100 disc was very blurred. Increases in magnification beyond

1.0grr—r T T T this value did not improve performance. Whether a mag-
E nification of 900 NA would actually be worth using in a
L NA =01 specific situation would depend on a number of factors,

including whether the reduction in resolvable target size
. justified the reduction in area covered on the imagery.

I

o
W

It is possible to interpret the visual performance data

shown here in terms of the contrast of the image seen

by the test subject. As the Airy disc increases in size

relative to the target disc, the light from the target disc

is spread over a larger area, reducing the luminance dif-

ference between the center of the target image and its

0.03 Lol 11l Lt background. For example, image contrast, C,, for a dark
0.1 0.3 1 3 target when the Airy disc is 15 times the size of the target

DISPLAY PUPIL DIAMETER (mm) has been estimated as 0.02 (Ref. 15).

tmm in object space}
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SECTION 3.3 ANALYSIS OF DISPLAY PARAMETERS

3.3.3 MODULATION TRANSFER

The modulation transfer factor for a display is the ratio
of image to object modulation at a particular spatial
frequency. The modulation transfer factor measured
over the useful spatial frequency range for the display is
the modulation transfer function (MTF) for the display.

The term modulation applies to only one of several ways
of quantifying contrast, ot the difference in luminance
between two points on a surface. Precise usage limits the
term modulation to objects having a sinusoidal lumi-
nance distribution in onz dimension (Ref. 16). In order
to avoid imprecise usage and to make the terminology
more consistent within this handbook, the term *con-
trast” is generally used. Contrast units that hLave been
calculated with the equation for modulation (shown in
Figure 3.1-10) are identified as “‘contrast, C;p,.”

A complete modulation sensitivity curve for the eye is
shown in Figure 3.1-19. It is possible to estimate the
modulation sensitivity of the eye/display combination
by multiplying the modulation sensitivity for the
unaided eye at each spatial frequei.cy by the modulation
transfer factor for the display at that frequency. There is
an unresolved controversy about the validity of cascad-
ing modulation transfer functions in this manner. In
theory, differences in the coherence of the image-
forming light at various points in its passage through the
display/eye system can introduce major errors (Ref. 17).
In the only known study that included measurement of
visual performance while using the display, the predic-
tions obtained by using this computational procedure,
plus an adjustment for stray light within the display,
proved to be very good (Ref. 138).

The goal of increasing display magnification is to shift
the modulation sensitivity curve of the eye in the spatial
frequency domain of the object space by the amount of
the magnification. That is, increasing magnification by
50X should enable the user to see an object with a
particular contrast that is 50 times smaller in size.

However, as magniiication is increased, the modulation
transfer factor for a given spatial frequency (in image

3.3-10

space) drops. This limits the useful magnification in a
manner analogous to what occurred in the analysis given
in Section 3.3.2. The figures that follow illustrate this
effect for microscopes typical of the kind normally used
for viewing imagery.

The modulation transfer of an imagery display is
typically measured using illumination conditions that
differ from those that will occur when the display is
used to view imagery. As a result, the reduction of image
contrast by veiling luminance caused by stray light may
be underestimated by the modulation transfer measure-
ment (Section 3.2.12).

Whether there is a best magnification for viewing specific
objects, rather than just an upper limit on useful
magnification, depends on why the minimum in the
visual contrast sensitivity curve (Figure 3.1-19) occurs.
The most likely interpretation is that more contrast is
required for an object to be visible when the luminance
gradient across the edges that define the object becomes
less than the gradient equivalent to a spatial frequency
of 1 to 3 cycles per degree. If this is true, then
magnifying an object beyond this point should make it
less visible. It is easy to demonstrate that excessive
magnification can make a very-low-contrast object in
imagery less visible. It is not clear, however, whether this
occurs because the eye is less sensitive to the larger
image, because the increase in display magnification has
actually reduced the contrast of the object, or because
the increase in the visibility of the grain has obscured the
edge.

The alternative interpretation for the minimum in Figure
3.1-19 is simply that the reduction in the number of test
target cycles at lower spatial frequencie(s reduced the
visibility of the target. If this interpretation is the
correct one, then excessive magnification of a low-
contrast edge should not reduce its visiblity. The data in
Sections 3.1.7 an